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1 Introduction
One of the most fascinating topics in condensed matter physics is superconductivity
which was discovered about a century ago [1]. Thereafter, it has received increasing
attention which has resulted in five Nobel prizes being awarded for the contributions
to our current understanding of superconductivity. The theoretical explanation of su-
perconductivity, the BCS theory, was developed in 1957 by John Bardeen, Leon Neil
Cooper, and John Robert Schrieffer [2]. The BCS theory is based on a pairing mech-
anism, i.e., all the electrons in the superconductor are paired (Cooper pair) and they
reside in the lowest energy level. The Cooper pairs are responsible for the zero resis-
tance observed in superconductors as they can transport current with zero dissipation.
In a non-superconducting material, however, the dissipative current is carried by an un-
correlated electron gas. In a normal conductor each electron occupies a different energy
level and each of them is represented by a wave function associated with an individual
phase, while all the Cooper pairs in a superconductor are represented by a single wave
function and its phase. This, in fact, makes superconductivity a macroscopic quantum
phenomena.
In quantum mechanics, if an electron encounters a barrier while traveling through a
normal conductor, there is a finite probability for it to tunnel through the barrier with
its wave function amplitude decaying exponentially as a function of barrier width. Let’s
assume the same situation for a superconductor. At first glance, if a single particle has
a finite tunneling probability, the probability of tunneling for a Cooper pair without
being broken up would be the square of the probability of a single electron tunneling,
which is so small that it cannot even be observed. However in 1962, Brian D. Josephson
showed that a Cooper pair can also tunnel through a barrier with the same probabil-
ity amplitude of the single electron in the non-superconducting material [3] which is
known today as the Josephson effect. Devices which exhibit this effect are usually re-
ferred to as superconductor-insulator-superconductor (SIS) type Josephson junctions.
The Josephson effect is one of the consequences of the macroscopic quantum coherence
which is naturally provided by a superconducting material. In contrast, to observe the
effect of quantum coherence of an electron in a non-superconducting material, one has
to reduce the dimensions of the conductor to the so-called phase coherence length, the
length over which the electrons maintain their quantum nature having a well defined
phase. Nowadays, there are appreciable efforts on reducing the size of the materials to
the order of a few nanometers by various sophisticated techniques known as nanotech-
nology. A commonly used method is electron beam lithography. This method, which is
usually referred as a top-down approach, is used for patterning a conductor into a few
tens of nanometers. This method, however, induces defects into the conductor from
which the electrons scatter and lose their phase coherence. An alternative method is a
bottom-up approach which synthesizes conductors by combining constituent adatoms.
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This approach is commonly used to grow a conductor with a diameter of a few tens of
nanometers with an unconstrained length. This type of conductor is called a nanowire
which is the main element of the devices that are investigated in this thesis. Owing to
the small dimensions of the nanowires which are comparable to or larger than the phase
coherence length, the phase coherence manifests itself at very low temperatures around
∼ −270 ◦C where the vibration of the atoms in the crystal lattice is suppressed. Since
electrons are confined laterally they can travel through the nanowire on a micrometer
length scale without losing their phase coherence. The investigation of the transport
properties of the electrons on these length scales, i.e., between nanometer and microm-
eter ranges, is a scope of mesoscopic physics and the structures are usually referred to
as mesoscopic structures.
The quantum coherence in these two material systems, i.e., the superconductor and
the non-superconducting mesoscopic conductor, is maintained by different mechanisms.
The main goal of this thesis is to explore how quantum coherence is modified in a sys-
tem where a mesoscopic conductor is combined with a superconductor?
By combining these two material systems in a hybrid device, we create an interface at
which an unusual transport takes place: An incident electron from the normal conductor
cannot be directly transmitted to the superconductor due to unavailable energy levels
for a single electron in the superconductor. At the normal conductor-superconductor
(NS) interface the incident electron pairs itself with another available electron in the
normal conductor to form an electron pair, i.e., Cooper pair, and condenses into the
ground state of the superconductor. The second electron forming the Cooper pair leaves
behind a hole which is retroreflected through the normal conductor following exactly the
opposite path of the former incident electron. This unusual reflection process is called
an Andreev reflection, named after its discoverer, Alexander F. Andreev [4]. A reverse
process is also possible when the retroreflected hole encounters another NS interface. In
this case the hole breaks up a Cooper pair into two electrons; one of them combines with
the hole and the other one travels to the other NS interface. These sequential reflections
are the so-called multiple Andreev reflections resulting in a Cooper pair transfer from
one superconductor to the other through a non-superconducting material. Here, the
non-superconducting material between the two superconductors is called a weak-link
which can be a normal metal [5, 6, 7, 8], a semiconductor [9, 10, 11, 12, 13], graphene
[14, 15, 16, 17] or a topological insulator [18, 19, 20, 21]. A commonly used weak-link is
InAs, a semiconducting material which has several advantages compared to the other
materials. One of the most important properties is the existence of a surface charge
accumulation layer which prohibits a Schottky-barrier at the superconductor-InAs semi-
conductor interface. Another advantage is the tunability of the dissipationless current,
or the supercurrent, which is carried by phase coherent electron-hole pairs, by means of
the field effect [9]. Furthermore, the semiconducting one-dimensional nanowire shows
intriguing transport properties as a weak-link when it is subjected to a magnetic field.
Unlike the two-dimensional counterparts in which the supercurrent follows the Fraun-
hofer diffraction pattern as a function of magnetic field, the nanowire-based weak-links
showed monotonous decay of the supercurrent [22, 23]. Such behavior of the supercur-
rent is extensively studied in this thesis.
Nowadays, there are considerable efforts on the search for Majorana fermions in semi-
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conducting nanowire-based weak links. Theoretically [24], Majorana fermions are de-
coherence free particles. Therefore, they are expected to be an excellent candidate for
fault tolerant quantum computation which does not require quantum error corrections
as in ordinary quantum computation [24]. There are hundreds of proposals for realizing
the existence of Majorana fermions in solid state systems. One of the most promising
proposals is reported by Lutchyn et al. [24] in which the necessary ingredients are listed
as follows: one-dimensional semiconducting nanowire, strong spin-orbit interaction, s-
wave superconductor and magnetic field. Based on their proposal, the first experiment
has been realized using InSb nanowires [25]. Shortly after, another experiment utilizing
InAs nanowires has been announced [26].
Although the focus of this thesis is not the observation of Majorana fermions, the pre-
sented experimental results may also be helpful for the search of Majorana fermions in
hybrid devices based on superconductors and nanowires.
This thesis is structured as follows: In Chapter 2 the theoretical background of SNS
junctions is described. In Chapter 3 the properties of the materials and the measure-
ment techniques which have been used throughout the thesis are explained. In Chapter
4 the phase coherence transport properties of normal metal contacted semiconducting
InSb and InAs nanowires are discussed. Chapter 5 is dedicated to introducing the com-
prehensive experimental results of superconducting Nb contacted InAs nanowires. In
Chapter 6 the transport properties of symmetric Al/InAs-nanowire/Al and asymmetric
Al/InAs-nanowire/Nb junctions are presented. In Chapter 7 the experimental results
of superconducting Nb contacted GaAs/InAs core/shell nanowires are introduced. In
Chapter 8 basics of the Josephson properties of superconducting Nb contacted single
crystal Au nanowires and as one of the important applications of the Josephson junc-
tions proximity superconducting quantum interference device are discussed. In Chapter
9 the summary and conclusion of the experimental results are provided.
3

2 Theoretical Background
In this chapter we introduce the fundamental transport mechanisms related to our
experimental results which are presented in the upcoming chapters. Although the dis-
cussions are based on the fundamental theoretical concepts which are mainly based on
Ref. [27], for more specific discussions some additional articles and books are addressed
in the corresponding sections.
This chapter consists of four main parts. In the first part, we will explain the su-
perconductivity within the BCS theory. The Bogoliubov de-Gennes equations will be
presented in this part, in order to understand the coherent mixture of the quasiparticle
state. In the second part, transport properties of a single normal metal-superconductor
(NS) interface will be discussed. Here, the discussions are based on the Andreev reflec-
tion as the fundamental transport mechanism. The Blonder-Tinkham-Klapwijk model
as well as the proximity effect will be explained in this part as well. In the third part,
transport properties of the superconductor-normal metal-superconductor (SNS) double
interface will be introduced. Here, the subharmonic energy gap structures, the Joseph-
son effect, superconducting quantum interference devices, supercurrent in an ideal one
dimensional SNS junction will be explained. In the last part, electron interference effect
in a disordered mesoscopic system will be introduced.
2.1 Superconductivity
Certain materials show zero resistance when they are cooled down to a specific temper-
ature, i.e., the critical temperature Tc. The zero resistance (or superconductivity) was
discovered by Kamerling Onnes after successful liquefaction of 4He in 1908 [1]. The
discovery opened up a new era in the scientific community as well as in technology.
Superconducting materials basically have two intriguing properties: Zero resistance
and perfect diamagnetism. Unlike non-superconducting metals in which the electrical
current is transported by electrons, i.e. fermions, in superconductors electrons form a
pair, i.e. a Cooper pair, carrying an electrical current without resistance, i.e., dissipa-
tionless current. In addition at sufficiently low temperatures, i.e., T  Tc, supercon-
ductors expel a magnetic field up to the superconducting material dependent critical
magnetic field Bc1. Therefore, the superconductors are perfect diamagnetic materials.
This effect is known as Meissner-Ochsenfeld effect after the German physicists Walther
Meissner and Robert Ochsenfeld [28]. Superconductivity is one of the most interest-
ing topics in condensed matter physics. From its discovery on, the topic is constantly
taking increasing attention of the physicist that it stays as one of the “hot topics”.
1In type-I superconductors the externally applied magnetic field is completely expelled. In type-
II superconductors, however, a partial magnetic field can penetrate through the superconducting
material at which Abrikosov vortices are formed.
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For instance, the Josephson effect [3], electrodynamic properties of superconductivity
[29] and thermodynamic properties of superconductivity [30] have been successfully ex-
plained and each of them was awarded by a Nobel prize. More recently, the emergence
of Majorana fermions [31] has been experimentally demonstrated [25]. For the basics
of the superconductivity the reader is encouraged to look at the one of the standard
books by Michael Tinkham [32].
2.1.1 The BCS theory
The BCS theory [2] is one of the successful applications of the many-body physics.
The theory is based on electron-phonon interaction which has been considered first by
Fröhlich in 1950 [33]. Based on his theory, in 1956 Cooper studied the electron-electron
interaction in which he found a net attractive interaction mediated by phonons [34].
In principle, at T = 0K there are no phonons to interact with electrons. However,
when an electron with a wave vector k moves in the crystal lattice, it creates phonons
via Coulomb attraction with lattice ions. After scattering from the excited phonons
the electron is transferred to a new state k′. The excited phonon is absorbed by the
second electron with the initial state −k to another final state −k′. At a given time
the first moving electron attract the lattice ions to its surrounding at which the local
net charge density is gradually changed from negative to positive. Hence, the created
net local positive charge density attracts the second moving electron through the first
one. Eventually, the second electron is effectively attracted by the first electron which
form an electron pair, so called “Cooper pair”.
The ground state of the Fermi gas of free electrons is unstable against the formation of
bound Cooper pairs when the net interaction is attractive. At T = 0K, all states are
occupied up to the Fermi level while all states above the Fermi level are empty. The
kinetic energy of all occupied states is minimum while the potential energy is zero. In
the vicinity of the Fermi level the interaction between electrons is attractive. Therefore,
the energy contribution to the system is negative thus the total energy of the entire
system is reduced. This conditions can only be met under a certain constraint. If two
electrons are added to the system the only interaction with other electrons must arise
from the Pauli exclusion principle. This means that the additional electrons should be
able to scatter from the initial state (k,−k) to another state (k′,−k′), i.e., the final
state (k′,−k′) must be empty while the electrons being scattered from the initial state
(k,−k). The lowest energy state is expected for those electrons whose momenta are
equal but have opposite sign. In such a minimum energy state of the system some of
the states above Fermi level are occupied while some of the states below the Fermi level
are empty. On the other hand, the states are filled in pairs, i.e., if the spin up state
k ↑ is occupied the spin down state k ↓ must also be occupied, the same is true for
emptying the filled states.
To illustrate the transition to the pairing state two Fermi spheres are shown in
Fig. 2.1. The electron in state k is scattered from a lattice ion to move to the state
k′ while emitting a phonon q. Here the transition is allowed only for the electrons in
the dashed area. If one reduces the phonon wave vector q to zero, all the electrons
near the Fermi surface within an energy band 2∆k will contribute to the reduction of
the energy of the entire system as a consequence of the attractive interactions. After
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Figure 2.1: For a total momentum of coupled electrons q, only the electron occupying k
states are involved in the attractive interaction within dashed area. Adapted
from [35].
reaching the lowest energy state the pairing transition will be completed thus the most
favorable conditions for the cooper pairs will be created, i.e., the BCS ground state.
The BCS ground state is a quite complicated many-body system, therefore for further
discussion Refs. [35, 32] should be addressed. In the following some of the important
consequences of the BCS theory will be summarized.
• Cooper pairs: The pairing mechanism is a basis of the BCS theory. The elec-
trons in a Cooper pair have opposite momentum and spin. Due to the zero net
spin they do not obey the Fermi statistics instead they obey the Bose-Einstein
statistics, i.e., all the Cooper pairs are in the lowest energy state at low tempera-
ture. Therefore, the superconducting state is described by a single wave function
and that makes the superconductivity a “macroscopic quantum phenomena”.
• Superconducting gap ∆0: One of the prominent characteristics of the super-
conductivity emerging from the BCS theory is the existence of the energy gap
between quasiparticle state and the Cooper pair ground state. The supercon-
ducting energy gap is closely related to the binding energy of the Cooper pair,
i.e., in order to break up a Cooper pair the required energy is 2∆0, hence the
broken pair can be excited to the continuous spectrum of the Fermi level. In
order to confirm the appearance of the superconducting gap, a number of experi-
ments have been performed. One of the most straightforward ways to determine
the superconducting gap is a tunneling experiment which has been carried out
first by Giaever in 1960 [36]. The existence of the superconducting gap can be
also observed by electromagnetic radiation experiments. Here, the photon energy
must be high enough to break up the Cooper pairs.
• Critical temperature Tc: The superconductivity was discovered by measuring
7
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the resistance of mercury as a function of temperature. At a certain temper-
ature, the so called critical temperature Tc, the resistance of a superconductor
vanishes. In fact, the critical temperature is a measure of the superconducting
gap. When the temperature is increased the gap of a superconductor closes and
the superconductor turns to the normal state.
• Isotope effect; As has been discussed above the BCS theory is based on phonon
mediated attractive interaction of electrons. One of the important confirmation
of the attractive interaction is to use a superconductor with different atomic mass
number, i.e., isotopes. One should expect that if the mass of the lattice ions are
large the Coulomb repulsion and thus phonon frequency must be smaller. Conse-
quently the superconducting gap and the critical temperature must be small. It
has been experimentally confirmed that the critical temperature of a supercon-
ductor is related to the lattice ion mass with M−1/2.
2.1.2 The Bogoliubov de-Gennes equation
As it has been discussed above the existence of the superconducting gap ∆0 is one of
the important consequences of the BCS theory. The Cooper pairs are in the ground
state, i.e., the state (k ↑,−k ↓) with spin up and down in k space for a temperature
T = 0K. The superconducting condensate at the Fermi level is separated by ∆0 from the
spectrum of single particle excited states. At T = 0K the Fermi distribution function
for a non-interacting Fermi gas, e.g., for normal metals and intrinsic semiconductors,
is a step like function. In a superconducting system, however, the distribution function
is smeared out at around Fermi energy due to the attractive interaction of the pairing
energy. The smearing width at ± kF is approximately 2∆0 in the energy scale. The
distribution function of the condensate in superconducting phase is plotted in Fig. 2.2
[27]. In the following, the single particle excitation spectrum of the superconductor will
be introduced.
In the superconducting material system, even for a T = 0K there is a finite proba-
bility for a single particle to occupy an excited state energy level, i.e., in reciprocal k
space if k < kF the state is empty the corresponding state k > kF must be occupied.
Here, the excitations are not simple electrons but quasiparticles called bogoliubons. Un-
like the non-interacting Fermi gas of a normal metal, due to the shape of distribution
function of the superconductor (see Fig. 2.2) there is a probability for a single particle
to occupy the state |k| > kF for T = 0K. As shown in the figure the state k = k1 < kF
is occupied, at the same time the state −k1 is empty. In this excited state the particle
gains more electron character, defined by 1−v2, with respect to the Cooper pair ground
state. The corresponding empty state −k1 gains more hole character, defined by v2.
Due to the larger probability of the former state the particles regarded as hole-like.
On the other hand, the state k2 > kF gains more electron character due to the smaller
portion of hole character in the state −k2.
The coherent mixture of the quasiparticle state has been explained by Bogoliubov in
1959 [37]. Later on de Gennes has generalized the quasiparticle state by introducing
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Figure 2.2: Probability ϑ2 that two electronic states, k and −k, with spin up and down
are occupied by Cooper pair (k ↑,−k ↓) along k axis. The two single particle
excitation states are shown at k1 and k2. The corresponding empty states
are −k1 and −k2. Adapted from [27].
the operator notation, known as Bogoliubov–de Gennes equations which is given by,(
H(r) ∆(r)
∆∗(r) −H(r)
)(
uk(r)
vk(r)
)
= E
(
uk(r)
vk(r)
)
. (2.1)
The vector (uk, vk) represents the solutions of Bogoliubov–de Gennes equation for quasi-
particles. Here uk is the probability amplitude for the electron-like state while vk is the
probability amplitude for a hole-like state. They are coupled by the superconducting
pair potential ∆(r). The Hamiltonian operator H(r) for a single particle is given by
[27],
H(r) = −~
2
2 ∇
2 1
m∗
+ V (r)− µ, (2.2)
where V (r) is the scalar potential, µ is chemical potential andm∗ is the effective electron
mass which is identical to the free electron mass me for a metallic superconductor.
In many cases, the common spatial component g(r) can be split off from (uk, vk) by
the separation of variables method,(
uk(r)
vk(r)
)
= g(r)
(
u0
v0
)
(2.3)
e.g., for a homogeneous superconductor with ∆(r) = ∆0 the component g(r) = exp(ik ·
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r) can be assumed for which u0 and v0 are given by [27],
u20 =
1
2
1 +
√
E2 −∆20
E

v20 = 1− u20.
(2.4)
The hole-like and electron-like quasiparticle energy eigenvalues can be expressed as [27],
E = ±
[
( ~
2k2
2 me
− µ)2 + ∆∗0∆0
]1/2
(2.5)
2.2 Transport at superconductor-normal conductor interface
2.2.1 Andreev reflection
A fundamental transport mechanism at the normal metal-superconductor interface is
explained by an unusual reflection process. Basically this reflection process takes place
as follows, cf. Fig. 2.3(a), (b). An incident electron from the normal conductor side
with an energy smaller than the superconducting gap E < ∆0 and above the Fermi level
µ can not be directly transmitted into the superconductor because there is no available
state for a single electron within the superconducting gap. Moreover, in the absence of
a barrier at the NS interface the incident electron will not undergo a normal reflection
process. At the interface, the incident electron will combine with another electron from
the Fermi sea of the normal conductor. The combined electrons form a Cooper pair
that condense in the ground state of the superconductor. When the electron from the
Fermi sea of the normal conductor is combined with the incident electron, it leaves
behind a hole which is retroreflected exactly in the opposite direction of the incident
electron. The retroreflected hole precisely follows the path of the incident electron.
This unusual reflection process is called Andreev reflection, it has been realized first
by Andreev in 1962 [4]. In case of an SNS junction (cf. Sec. 2.3), the reverse process
is also possible. After the retroreflection of the hole from the NS interface, it traces
back to the other interface where it breaks up a Cooper pair in the superconductor.
One of the created quasiparticle will combine with the hole in the normal conductor
Fermi sea and another quasiparticle will be transferred into the conduction channel of
the normal conductor. Consequently, in an SNS junction one Cooper pair is created
in one of the superconducting electrode and one Cooper pair is broken up in the other
superconducting electrode. This is basically a transfer of −2e charge (Cooper pair)
from one superconductor to another.
In the following the normal reflection process (Fig. 2.3(c)) is compared to the Andreev
reflection which has been discussed by Beenakker [38].
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Figure 2.3: a) Andreev reflection process in an energy diagram, b) Andreev reflection
process in real space; an incident electron is retroreflected as a hole which
trace back the path of the incident electron, c) Normal reflection process at
a barrier.
• After the Andreev reflection process a single charge from the normal metal is
transformed into the superconductor as a Cooper pair with charge −2e. The
process leads to the creation of a retroreflected hole charge +e in addition to a
missing electron charge −e in the normal conductor. As a result there is −2e
charge missing in the normal conductor. Therefore, in terms of the excitations,
in Andreev reflection process the charge is not conserved. In normal reflection
process (Fig. 2.3(c)), however, after reflection of the electron from the barrier the
net charge is conserved.
• During the Andreev reflection process, the electron which is picked up from the
Fermi sea of the normal conductor must have a wave vector opposite to the in-
cident electron. Since the net wave vector of a non-interacting Fermi sea is zero,
the missing electron leads the wave vector of Fermi sea to be in the same direc-
tion to the incident electron. The created hole, thus, has the same wave vector
direction of the Fermi sea. Consequently, since the hole has a velocity opposite
to its momentum, in the Andreev reflection process momentum is conserved. In
contrast, in normal reflection process momentum is not conserved.
• In Andreev reflection process the incident electron has the same energy as the
retroreflected hole. Since the Andreev reflection is an elastic scattering process,
the total energy is conserved. Similarly, energy is conserved after the normal
reflection process.
• The Cooper pair electrons have opposite spin states. Therefore, to form a Cooper
pair in the superconductor, the electron removed from the Fermi sea of the normal
conductor must have a spin opposite to the incident electron. Since the created
hole has the same spin with the incident electron thus opposite spin with the
missing electron, the spin is conserved in Andreev reflection process. In normal
11
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reflection process spin is also conserved.
2.2.2 Blonder-Tinkham-Klapwijk (BTK) Model
In the preceding section the Andreev reflection process was explained by assuming
that the non-interacting Fermi gas in the normal conductor is directly connected to
the superconductor. In that case an incident electron from the normal conductor side
with energy E < ∆0 was assumed to be Andreev reflected with a probability of unity.
However, in practical experiments this assumption is not realistic. In device fabrication
process both material systems are interrupted by a barrier. In technical point of view
the barrier can not be avoided. The reason is that at the interface there is always
possibility for formation of an oxide layer, intentionally or unintentionally. Even if
the oxide layer is completely removed the barrier will still exist due to the crystal
lattice mismatch at the superconductor-normal metal interface which plays the role of
an additional normal metal layer at the interface. Thus, the properties of the barrier
at the interface will determine the normal reflection as well as the Andreev reflection
probability. For the calculation of the quasiparticle transport at the NS interface it is
necessary to introduce a barrier.
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Figure 2.4: a) Schematic of a normal conductor - superconductor single interface. The
δ-shaped barrier with heightHδ(x) is introduced in the BTK model. In case
of the semiconductor there is a Fermi level mismatched between the super-
conductor and the semiconductor which leads to a potential difference V0.
b) The existence of the barrier at the interface causes the incident electron
(+ke) to be normal reflected (−ke), Andreev reflected (+kh) or transmitted
into the superconductor as an electron-like quasiparticle (+k˜e) or hole-like
quasiparticle (−k˜h) with certain probabilities a+, b+, c+, d+. Adapted from
[27].
The situation discussed above has been addressed first by Blonder, Tinkham and
Klapwijk, in the so-called BTK model [39]. In the BTK model the barrier at the inter-
face is described by a simple δ-function with the barrier height Hδ(x), cf. Fig. 2.4(a).
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The coupling potential between electron and hole which defined by the superconducting
gap ∆0, is assumed to have a step-like character, i.e., it is assumed to be zero in the nor-
mal conductor and being maximum in the superconductor. Under such conditions the
transport properties of the electron-like and hole-like quasiparticles in the system have
been analyzed by using Bogoliubov de-Gennes equations in a self-consistent manner.
Basically, in the BTK model, an incident electron has a finite probability to be normal
reflected from the barrier at the interface. At the same time a partial wave of the
incident electron is being Andreev reflected with a certain probability. Furthermore,
the incident electron can be also transmitted into the superconductor as an electron or
hole. By taking all these quasiparticle trajectories (cf. Fig. 2.4(b)) into consideration,
one can calculate the each probability amplitude by matching the wave functions at
the interface.
At the interface the superconducting pair potential has been assumed as ∆(x) =
Θ(x)∆0. In the BTK model the Fermi level of the superconductor and the normal
metal assumed to be similar. However, in the case of semiconductor-superconductor,
due to the smaller carrier concentration in the semiconducting material, the Fermi
level is lower than that of the superconductor. Therefore, an additional potential V0
due to the misalignment of both Fermi levels should be considered [27]. Then the total
potential V (x) should read [27],
V (x) = V0Θ(−x) + ~kFS
me
Zδ(x). (2.6)
Here, kFS =
√
2meµ/~2 is the Fermi wave number in the superconductor. The dimen-
sionless Z parameter is a measure of the barrier height and is defined as [27],
Z = Hme
~2kFS
. (2.7)
After defining the barrier height, the wave functions of the quasiparticles can be de-
scribed as follows (cf. Fig. 2.4(b)):
1. The incident electron from the normal conductor side has a form of plane wave,
ψi(x) =
(
1
0
)
eikex. (2.8)
2. The incident electron ψi can be transmitted into the superconductor as an electron-
like (u0, v0) and hole-like (v0, u0) quasiparticle. The transmitted wave ψtr, there-
fore, includes two possible solutions;
ψtr(x) = c+
(
u0
v0
)
e+ik˜ex + d+
(
v0
u0
)
e−ik˜hx. (2.9)
3. There are also probabilities for the incident electron to be scattered inelastically
from the barrier and can also be reflected as a hole due to interaction with the
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superconductor, i.e., Andreev reflection. This reflection process, thus consisting
of electron (1, 0) and hole (0, 1) is given by,
ψr(x) = b+
(
1
0
)
e−ikex + a+
(
0
1
)
e+ikhx. (2.10)
The wave numbers in the normal conductor and superconductor are respectively,
ke =
√
k2FN + (2m∗/~2)E, (2.11a)
kh =
√
k2FN − (2m∗/~2)E, (2.11b)
and
k˜e =
√
k2FS + (2me/~2)(E2 −∆20)1/2, (2.12a)
k˜h =
√
k2FS − (2me/~2)(E2 −∆20)1/2. (2.12b)
Here, the Fermi wave number of the particles in the normal conductor is defined as
kFN =
√
(2m∗/~2)(µ− V0). The energy dispersion relation of all quasiparticles con-
tributing to the transport is given in Fig. 2.5.
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Figure 2.5: The energy dispersion relation for all the quasiparticles contributing to the
transport in the normal conductor - superconductor interface. Adapted
from [27].
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To determine the amplitudes of the wave functions they have to be matched at given
boundary conditions. From the continuity of the wave functions at the interface x = 0,
we obtain:
ψi(0) + ψr(0) = ψtr(0). (2.13)
After working out the algebra, the amplitudes of the wave functions, i.e., a+,...,d+, can
be determined as,2
a+ =
u0v0
γ
, (2.14a)
b+ =
(v20 − u20)(iZ + q)
γ
, (2.14b)
c+ =
u0[(1 + r)/2− iZ]
γ
, (2.14c)
d+ =
v0[(r − 1)/2− iZ]
γ
. (2.14d)
Here the parameters γ = u30(p+1)−v20p, q = Z2/r+(1−r2)/4r, p = Z2/r+(r−1)2/4r
have been defined [27]. The ratio
r = vFN
vFS
, (2.15)
is defined as a measure of the Fermi velocity mismatch between superconductor and
normal conductor.
After defining the quasiparticle wave function coefficients (2.14) the probability
current corresponding to each quasiparticle can be calculated. For a single normal
conductor-superconductor interface the total current as a function of voltage is given
by [27],
I(V ) = ekFNW
pi2~
∫ +∞
−∞
[f0(E + eV )− f0(E)][1 +A(E)−B(E)]dE. (2.16)
Here, A(E) and B(E) are the current contribution from Andreev reflection and normal
reflection, respectively. The f0(E) is the Fermi-function and W is the contact width.
Note that the current contribution from the Andreev reflection is given by A(E) = a∗+a+
which is normalized to the Fermi velocity of the normal conductor vFN . Similarly,the
normal reflection coefficient B(E) is given by b∗+b+. Here, ∗ denotes the complex
2For the completeness the injection of a hole from the normal metal side should be also taken into
account. To find the amplitude of the wave functions, in that case, the Z parameter can be
replaced simply by −Z, i.e., a−(Z) = a+(Z). In addition, the injection of e-like quasiparticle from
the superconductor side into the normal conductor leads the transmission coefficients to be [27],
c′± = c±(u20 − v20)/r and d′± = d±(u20 − v20)/r.
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conjugate. The calculated probability currents from each contribution are given by
[27],
A(E) = |η|
2
|1 + Z2eff (1− η2)|2
, (2.17a)
B(E) =
Z2eff (1 + Z2eff )|1− η2|2
|1 + (1− η2)Z2eff |2
, (2.17b)
with the effective barrier strength given in terms of the Fermi velocity mismatch as
Zeff =
√
p = [Z2 + (1− r)2/4r]1/2, and η = v0/u0.
In Fig. 2.6 the probability current from each contribution, i.e., A(E) and B(E), are
plotted as a function of energy normalized with the superconducting gap ∆0.
Figure 2.6: a) The current A due to the Andreev reflected particles vs. particle energy
normalized with the superconducting gap E/∆0 in the absence of a barrier,
with Zeff = 0. b) In case of a barrier at the interface, Zeff = 0.5, there
is a probability for the normal reflected particles B which have a lower
probability current than the Andreev reflected particle current A. Taken
from [27].
In the absence of a barrier at the interface the highest probability current can be
observed up to the superconducting gap, cf. Fig. 2.6(a). However, for the effective
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barrier strength Zeff = 0.5 the Andreev reflection contribution is smaller. The peak
slightly below the superconducting gap is due to the singular density of states in the
superconductor. On the other hand, the normal reflection contribution is absent for
Zeff = 0 meaning that all incident particles undergo an Andreev reflection. For Zeff =
0.5 the probability of the normal reflection is not zero anymore but finite, as shown in
Fig. 2.6(b).
2.2.3 Proximity effect
The BTK model is one of the successful application of Bogoliubov-de Gennes equa-
tions. As has been discussed above the BTK model solves the Bogoliubov-de Gennes
equations by introducing a barrier at the superconductor-normal metal interface. The
model deals with all possible reflections or transmissions for an arbitrary barrier po-
tential. Hence, from all possible quasiparticle interactions with the interface, it gives
the possibility to calculate the current - voltage characteristics.
The BTK model is based on the assumption of a step-like pair potential at the inter-
face, at which the superconducting pair potential is zero in the normal metal while it is
maximum in the superconductor, cf. Fig. 2.4(a). However, when the superconducting
material deposited on a nonsuperconducting material, e.g., semiconductor or normal
metal, the first atomic layer at the interface is degraded which plays a role of an addi-
tional normal conductor at the interface. Since the thickness of the metal layer is very
thin the superconductivity is preserved within the metal layer. The superconductivity
in the normal metal layer is governed by the “leakage of Cooper pairs” from supercon-
ductor to the normal metal. This mechanism is known as proximity effect.
In order to explain the proximity effect, the system will be considered to be in the
dirty limit for which the elastic mean free path of the normal metal as well as the
superconducting material is much smaller than the coherence length in both materials,
i.e., lel−N,S  ξN,S . Here, the coherence length is defined as ξN,S =
√
~DN,S/2pi kBTc,
where DN,S is the diffusion constant for the normal metal (N) or superconductor (S).
The normal metal weak-link does not affect the transport limit, i.e., it can be either in
clean limit3 or dirty limit [27]. In practical experiments usually transport takes place in
the dirty limit due to the degraded layer at the interface with many scattering centers.
In the original paper of the BTK model this scattering centers are excluded therefore
the validity of the model is limited unless the interface is ballistic. In principle, the
Bogoliubov-de Gennes equations can deal with impurities as scattering centers, how-
ever in real systems the use of these equations are impractical due to the unknown
position of the impurities. Currently, the modern way to handle the problem in such a
system is the usage of the Green’s functions. Although it contains a higher complexity
of mathematical concept, the functionality is powerful. For a detailed discussion of the
quasiclassical description of the Green’s functions we refer to some key review articles
[40, 41]. In order to give a rough picture of the proximity effect, some key parameters
from the quasiclassical theory will be discussed.
3In the case of clean limit the electron mean free path is larger than the coherence length, lel−N,S 
ξN,S .
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Figure 2.7: Proximity effect at the superconductor - normal conductor interface. The
Cooper pair density F (x) is decreased by the suppression coefficient γ in
the vicinity of the interface due to the existence of the barrier γB. The
superconducting order parameter extends into the normal metal layer up
to its coherence length ξN while at the superconductor side it starts to
decrease within the superconducting coherence length ξS .
In Fig. 2.7 the behavior of the superconducting order parameter or Cooper pair
density F (x) in a superconductor - normal conductor system is depicted. In the su-
perconductor near the interface the Cooper pair density slightly decreases while at the
interface where it contains a potential barrier and scattering centers the Cooper pair
density is abruptly reduced. Finally, it exponentially decays in the normal conductor
in the vicinity of the interface. The parameter γB is one of the boundary conditions
extracted from the Eilenberger equations [42]. It contains information about the prop-
erties of the barrier at the interface and is defined as,
γB =
2
3
lel −N
ξN
〈
1−D
D
〉
. (2.18)
Here, D is the normal transmission coefficient which is related to Z parameter in the
BTK model, D−1 = 1 + Z2.
The γ parameter, shown in Fig. 2.7, is the second boundary condition which is the
suppression coefficient of the Cooper pair density and is given by,
γ = %SξS
%NξN
, (2.19)
where %N and %S are the specific normal state resistances of the normal conductor and
superconductor, respectively.
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It is worth mentioning that although there is no any attractive interaction in the
normal conductor there is still a finite probability of the Cooper pair density. This
is due to the fact that the Andreev reflected electrons and holes preserve their phase-
coherence over a certain length leading to a finite contribution to the order parameter.
As has been pointed out above, this is usually stated as “leakage of Cooper pairs” [43].
Figure 2.8: Local zero bias conductance (ZBC) profile has been measured as a function
of scanning tunneling microscope tip position. The black dashed line cor-
responds to the boundary of superconductor and metallic substrate. Expo-
nential function has been used for the fitting (solid red curve). Inset shows
the fitting examples of normalized differential conductance dV/dI vs. bias
voltage with BCS density of states, the curves were shifted for clarity. Taken
from [44].
In order to confirm the existence of the proximity effect a large number of experiments
have been performed [45, 46, 47, 48, 49]. An experiment to directly visualize the
proximity effect has been performed very recently by Kim et al. [44]. The measurements
have been performed on a two-dimensional Pb island. They measured the differential
conductance by using scanning tunneling microscopy (STM) technique. As shown in the
inset Fig. 2.8, by moving the STM tip over the surface of the junction they successfully
measured the local zero bias conductance on the surface. The zero bias conductance
showing the leakage of Cooper pairs is maintained up to a distance of 80 nm from the
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boundary of the Pb island, cf. Fig. 2.8. This is a clear evidence of the proximity effect.
2.3 Transport in superconductor-normal
conductor-superconductor junction
The transport properties of a single SN interface have been discussed within the frame-
work of Andreev reflection process in the previous part. In this section the transport
properties of an SNS junctions will be explained.
2.3.1 Subharmonic energy gap structures
First of all the simplest case in which no barrier at the interface of the SNS junc-
tion (Z = 0) will be assumed, hence the normal reflection process will be neglected.
Furthermore, to introduce a basic principle, the transport in the normal metal or semi-
conductor at the vicinity of the interfaces will be considered as ballistic which means
there is no scattering process or elastic and inelastic scattering lengths are sufficiently
large.
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Figure 2.9: Multiple Andreev reflection process in an SNS junction. The junction is in
the voltage carrying regime. Instead of shifting the Fermi levels with the
corresponding bias voltage, here, the Andreev particle trajectories are tilted
with respect to the energy - position diagram. The electric field direction
is assumed to be from left to right, −V/L, where V is the applied voltage
and L is the junction length.
In order to observe the subharmonic gap structures the junction should be in the
voltage carrying regime, i.e., the junction bias should be larger than the supercurrent
but it should be within the gap of the superconducting electrodes4 V < 2∆0. The cor-
4The superconductors on both sides of the normal conductor are assumed to be identical.
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responding electric field -V/L, where V is the applied voltage and L is the length of the
normal conductor, leads to an acceleration of the electrons in the opposite direction of
the electric field while the Andreev-reflected holes are accelerated in the direction of the
field. The situation is depicted in Fig. 2.9 where instead of shifting the Fermi levels of
the superconductors with corresponding applied external voltage, the particle trajecto-
ries are tilted in the energy-position diagram. The particles are ascending or descending
the Andreev ladders between consecutive reflection processes. The Andreev reflection
basically is a Cooper pair transfer process from one superconductor to another, i.e.,
incident electron from the normal conductor leads to creation of a Cooper pair in the
right superconductor while incident hole causes to break up a Cooper pair in the left
superconductor, cf. Sec. 2.2.1. For a particle energy smaller than the superconducting
gap E < ∆0 the probability for being Andreev reflected is unity if there is no barrier
at the interface. If the particle energy decreases or alternatively if the applied voltage
is reduced the particle undergoes more and more Andreev reflections, in order to gain
or lose energy to get into the excitation spectrum of the superconductor, above ∆0 or
below -∆0. Therefore, the reflection processes is called “multiple Andreev reflection”.
When the particle gets into the quasiparticle excitation spectrum of the superconduc-
tor, the current through the junction will increase. Obviously, as can be seen in the
figure, the increase of the current will occur at multiples of the superconducting gap
∆0 which is connected to the external bias voltage by,
Vn =
2∆0
en
, n = 1, 2, 3, ... (2.20)
The early experimental observation of the subharmonic gap structures has been made
by B. N. Taylor and E. Burstein [50] in superconductor - insulator - superconductor
(SIS) tunnel junctions. Although the Andreev reflection process does not expected for
the SIS junction system, the observed subharmonic gap structures might be due to the
pin holes in the oxide that forms basically SNS type junction. The theoretical analy-
sis of the subharmonic gap structures appeared later by Klapwijk, Blonder, Tinkham
(KBT model) [39] and Kümmel, Gunsenheimer, Nicolsky (KGN model) [51]. The KGN
model as well as KBT model is based on the simplest assumptions for which no poten-
tial barrier at the interface was considered.
The inclusion of the barrier to calculation of the subharmonic gap structures has been
discussed by Octavio, Tinkham, Blonder and Klapwijk, known as OTBK model [52].
Similar to the BTK model which was discussed in preceding section, the barrier is as-
sumed to be δ-shaped. In contrast to the previous models where the normal reflection
process was ignored due to the absence of the barrier, here the normal-reflection has
been taken into account5. The OTBK model is based on Boltzmann equation approach
which is an improved version of the KBT trajectory calculations. The main finding of
the OTBK model is that the amplitude of the subharmonic gap structures is enhanced
by the normal reflection processes although the subharmonic gap structures arise from
the Andreev reflected particles.
In the models discussed above the superconducting material is assumed to be in direct
5On the other hand in OTBK model the inelastic processes have been excluded while it has been
considered in the extended KGN model [27].
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contact to the normal metal or separated by a δ-shaped barrier. However, as has been
discussed in Sec. 2.2.3, there is an additional thin normal metal layer at the interface
where the proximity effect comes into play on the density of states of the system. The
resulting density of states modifies the subharmonic gap structures. The role of the
proximity effect on the subharmonic gap structures has been theoretically considered
by Aminov et al. [53]. One of the prominent parameters in Ref. [53] is the induced
gap in the thin normal metal layer which is smaller than or equal to the superconduct-
ing gap, ∆N ≤ ∆0. The additional induced gap in the normal metal layer leads to
additional features in the subharmonic gap structures. The calculation results of the
subharmonic gap structures are shown in Fig. 2.10.
In Fig. 2.10(a) the calculated differential resistance is plotted against eV/∆0 for two
discontinuity parameters γB = 1 and γB = 5. The pair potential suppression parameter
was set to γm = 0.01 and the barrier strength was assumed as Z = 1. For comparison
the result of the OBTK model is shown in the same graph (solid line). The performed
calculation of Aminov et al. [53] is a generalization of the OBTK model. In OBTK
model the subharmonic gap structures have been found at ∆S and its integer har-
monics. In Aminov model, however, due to the additional induced gap in the normal
conductor layer, the structures were also found at ∆s, ∆N and ∆S ±∆N for which the
corresponding quasiparticle trajectories are schematically shown in the bottom panel of
Fig. 2.10. The model calculations of Aminov et al. can in principle reproduce the sub-
harmonic gap structures found by OBTK model. For instance, as shown in Fig. 2.10(a),
the structure at eV/∆S = 2 for γB = 5 with corresponding particle trajectory diagram
in Fig. 2.10(c) is similar to the OBTK model. At lower bias range, however, there
are more pronounced peaks. The structures at eV/∆S ≈ 1.6 and 0.75 are respectively
correspond to the voltage values of the superconducting gap and proximity induced gap
of the normal metal, i.e., ∆S + ∆N and ∆S − ∆N with respective particle trajectory
diagram in Fig. 2.10(c), (d).
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Figure 2.10: a) Normalized differential resistance (dV/dI)/RN plotted against bias volt-
age eV/∆0. The dashed lines show the subharmonic gap structures from
theoretical calculations of Ref. [53] in which the proximity effect is consid-
ered for γB = 1 and γB = 5. The arrows show the first subharmonic gap
structures for the voltages, from left to right respectively, Vn = 2∆N/(en),
Vn = (∆S −∆N )/(en), Vn = (∆S + ∆N )/(en) and Vn = 2∆S/(en). The
solid curve shows the calculation result of the OBTK model for a bar-
rier strength parameter Z = 0 and for T = 0 K. (The bottom panel);
The quasiparticle trajectory diagram: In the normal conductor region the
quasiparticles undergo multiple Andreev reflections for the voltage values
b) eV = (∆S − ∆N )/3, c) eV = (∆S + ∆N )/3, d) eV = 2∆S/3 and e)
eV = 2∆N/3. Adapted from [27].
The subharmonic gap structures discussed above were based on a symmetric SNS
junction, i.e., the normal metal weak link was connected to two identical superconduct-
ing materials. In addition to the symmetric SNS junctions, there has been a number
of theoretical as well as experimental studies on an asymmetric SNS′ junctions. In the
latter case, the weak link is connected to two different superconductors, i.e., the gap
of the superconducting materials is different ∆S 6= ∆S′ . The subharmonic gap struc-
tures in the asymmetric SNS′ junctions have been theoretically analyzed by Hurd et
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al. [54]. According to their theory the subharmonic gap structures in the asymmetric
junctions should appear at energies: (∆S + ∆S′)/(em) (with m=1, 3, 5,...), ∆S/(en)
and ∆S′/(en) (with n=1, 2, 3,...), depending on the ratio of the superconducting en-
ergy gap ∆S′/∆S . The experimental demonstration of the subharmonic gap structures
has been realized by Zimmermann et al. [55] in sandwich asymmetric SNS′ junctions.
Later on, there has been a few other experimental works based on asymmetric point
contact junctions [56, 57, 58]. In Chap. 6, we will demonstrate the subharmonic gap
structures based on Al/InAs-nanowire/Nb asymmetric junctions, where we have found
the subharmonic gap structures of both superconductors in the differential resistance
measurements.
2.3.2 Josephson effect
In 1962 Brian D. Josephson predicted [3] that the Cooper pairs can tunnel from one
superconductor to another if they are weakly coupled to each other. In his original
paper the superconductors are isolated from each other by a thin insulating barrier, cf.
Fig. 2.11. If one assumes that the superconductors are identical and the temperature
of the system is zero the wave functions of the superconductors can overlap within
the insulating barrier and thus the Copper pairs can tunnel phase coherently, i.e.,
the current can flow through the insulating barrier without a voltage drop (so called
supercurrent). Depending on the junction characteristics the supercurrent can flow up
to a critical value, i.e., the critical current. Since the superconductors are identical the
amplitude of the wave functions are also identical. This, however, this does not hold
for the phase of the superconductors. One of the important finding of Josephson is the
correlation between tunneling supercurrent and the phase of the superconducting wave
functions which is known as 1st Josephson equation or current-phase relation and given
by6,
Is(ϕ) = Ic sinϕ, (2.21)
where Is is the current through the weak-link, Ic is the maximum supercurrent and ϕ is
the phase difference between two superconductors. Equation (2.21) is usually referred
as the dc Josephson effect.
6The current-phase relation of SNS type Josephson junctions deviate from sinusoidal dependence. For
detailed discussion we refer to a review article by Golubov et al. [59].
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Figure 2.11: Schematic illustration of the Josephson effect in a superconductor-
insulator-superconductor (SIS) type junction. Two identical superconduc-
tors are weakly coupled so that the wave functions (Ψ1 and Ψ2) of two
superconductors overlap within the insulating barrier.
Transport in the Josephson junction can be classified into two regimes: zero voltage
state and voltage state. The zero voltage state can be explained by Eq. (2.21) for which
the applied current is smaller than the junction critical current I ≤ Ic. If the externally
applied current exceeds the critical current of the junction a voltage drop V across the
junction appears. Unlike the zero voltage state, in the voltage state the phase difference
between superconducting electrodes evolve with time and is given by,
2eV = ~∂ϕ
∂t
. (2.22)
Equation (2.22) is known as 2nd Josephson equation or ac Josephson effect. For a
constant applied dc current (I > Ic) the voltage drop V across the junction oscillates
periodically with time which is often referred to as the Josephson radiation.
Effect of the magnetic field on the Josephson current
One of the most important confirmations of Cooper pair tunneling in SIS type Joseph-
son junctions is the appearance of a “diffraction pattern” in the critical current Ic
when the junction is subjected to a perpendicular magnetic field. The magnetic field
dependent Ic is given by the Fraunhofer diffraction pattern formula,
Ic(B) = Ic0| sin (piΦext/φ0)|/(piΦext/φ0), (2.23)
where Ic0 is the critical current at zero magnetic field, Φext is the externally applied
magnetic flux enclosed by the junction area and φ0 is the magnetic flux quantum. As
can be inferred from the formula, Ic vanishes at each multiple of φ0,7 cf. Fig. 2.12
(solid brown line). Experimentally, the Fraunhofer diffraction pattern in Josephson
junctions was first observed by Rowel in 1963 [61]. Subsequently, it has been widely
studied in different material systems and junction geometries. For instance, Heida et
al. [62] demonstrated the effect of magnetic field on the Josephson current on a ballistic
S-2DEG-S junction with a length of the junction comparable to the junction width,
7For the detailed explanation of the Fraunhofer patterns in Josephson junctions see Refs. [32, 60].
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L ≈W . There, it has been found that the Josephson current vanishes at 2φ0 periodicity
in contrast to standard Fraunhofer diffraction pattern in which the Josephson current
vanishes at integer flux quantum values φ0. The 2φ0 periodicity has been attributed
to non-local supercurrent density which is caused by the mesoscopic phase. In contrast
to short junctions, L  W , in which only the current perpendicular to interfaces can
be considered, there all possible trajectories of current have to be taken into account.
Later on, Neurohr et al. [63] have observed more complex diffraction pattern in Nb-
AlGaSb/InAs-Nb with non-homogeneous interfaces.
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Figure 2.12: Simulation of normalized zero magnetic field value critical current Ic/Ic0 as
a function of magnetic field in Φext/φ0. a) Solid green curve corresponds to
the narrow junction model. b) Solid brown curve represents the Fraunhofer
diffraction patterns.
More recently Angers et al. [6] have found a monotonous dependence of the criti-
cal current as a function of magnetic field in proximity induced diffusive Nb/Au/Nb
and Al/Au/Al junctions in which the length of the normal metal was larger than its
width, L W . The absence of Fraunhofer diffraction patterns has been qualitatively
attributed to the depairing mechanism.
A more elaborate theoretical analysis on the monotonous behavior of the critical current
of diffusive SNS junctions has been carried out by Cuevas and Bergeret [22, 23]. Their
theoretical analysis is based on the concept of formation of vortices in diffusive normal
metal proximity to superconductor. The properties of induced vortices are similar to
Abrikosov vortices observed in mixed state type II superconductors. These vortices lead
to Fraunhofer diffraction patterns in the junction with a transversal dimension larger
than the magnetic length W  ξB =
√
φ0/B. However, when the junction width is
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smaller than or comparable to the magnetic length W . ξB, in the so-called narrow
junction limit, the formation of vortices is not favorable. In that case, the externally
applied magnetic field can penetrate the junction completely, acting as a pair breaking
mechanism. The resulting Josephson current in presence of a magnetic field cross over
Fraunhofer diffraction patterns and monotonously vanishes at high field regimes, cf.
Fig. 2.12 (solid green line).
In order to explain the electronic properties of a junction with arbitrary dimensions
quasiclassical theory of superconductivity has been used and the explicit form of the
Josephson current is given by [23],
eRIc =
4pi kBT
r
∞∑
n=0
∆2/(∆2 + ω2n)√
2(ωn+ΓBETh ) sinh
√
2(ωn+ΓBETh )
, (2.24)
where ΓH = De2B2W 2/(6~) is the magnetic depairing energy, ωn = pikBT (2n+ 1) are
the Matsubara energies.
2.3.3 Superconducting quantum interference devices
Superconducting quantum interference devices8 (SQUIDs) are one of the most impor-
tant applications of the Josephson junctions. SQUIDs are the most sensitive magnetic
field sensors known in current technology. After the discovery of the SQUID [64] it has
been realized in many different material systems such as YBa2Cu3O7−x (Tc ∼ 92K)
[65, 66, 67], Nb (Tc ∼ 9.2K) [68, 69, 70, 71, 72] and Al (Tc ∼ 1.2K) [45, 73, 74, 75, 76].
Although the YBa2Cu3O7−x have the advantage to be able to operate at high temper-
atures, their sensitivity is much lower than the Al- or Nb-based SQUIDs [77].
The sensitivity of the SQUIDs plays a crucial role for many applications, e.g. for spin
detection. In order to reach the sensitivity needed for the detection of the magnetic mo-
ment of a single electron spin, it has been found out that the SQUID loop inductance as
well as the junction capacitance need to be reduced [69]. The current advanced fabrica-
tion technologies enabled researchers to tackle with such limitations. The increasingly
growing interest in SQUID research is currently focused on improving the performance
of the sensitivity of the SQUIDs [68].
Due to the negligible junction capacitance, nanowire-based proximity SQUIDs are one
of the promising candidates. Recently carbon nanotube-based SQUIDs have been re-
alized [45, 73, 78]. There each individual junction critical current has been controlled
by the local gate electrodes. Similarly, supercurrent reversal has been demonstrated in
InAs nanowire-based SQUIDs by local electrostatic top gates [74]. Furthermore, Pillet
et al. [45] have successfully used carbon nanotube-based SQUIDs as a tool to resolve
Andreev bound states.
Beside the semiconductor nanowire- or cabon nanotube- based SQUIDs recently, Angers
et al. [6] have used a narrow Au weak link structured by a shadow evaporation method.
There the Au weak link was contacted by superconducting Al or Nb electrodes. In
Chap. 6, the properties of a dc SQUID with single crystal Au nanowire weak-links
8There are two types of the SQUIDs: The rf-SQUIDs and dc-SQUIDs. In this thesis, we discussed
only the dc-SQUIDs.
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will be described. In the following we will introduce the theoretical background of the
dc-SQUIDs briefly.
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Figure 2.13: Schematic of the dc-SQUID: The superconducting loop (green) is inter-
rupted by two identical Josephson junctions (grey). The bias current I
flows as I1 and I2 across both junctions. The current through the junc-
tions is assumed to satisfy the standard sinusoidal Josephson current-phase
relation. The magnetic field ~B is applied perpendicular to the SQUID loop
area with respective flux Φext. The line integral path (red dashed line) is
chosen deep inside the superconducting loop to satisfy the condition of
current density to be Js = 0 (see the text).
Background of dc-SQUIDs
A schematic of the dc-SQUID is depicted in Fig. 2.13. Here, two parallel Josephson
junctions are connected by a superconductor forming a loop. The Josephson junc-
tions are assumed to have a sinusoidal current phase relation Is1 = Ic sin(ϕ1) and
Is2 = Ic sin(ϕ2) with identical critical current Ic. Here, ϕ1 and ϕ2 are the macroscopic
phase differences across the Josephson junctions. The total supercurrent through the
Josephson junctions can be defined as,
Is = Is1 + Is2 = Ic sin(ϕ1) + Ic sin(ϕ1) = 2Ic cos
(
ϕ1 − ϕ2
2
)
sin
(
ϕ1 + ϕ2
2
)
. (2.25)
The phase differences can be found by choosing a line integral in the center of the
superconducting loop, as indicated by red dashed line. The evolution of the phase θ
along the dashed line must be a multiple of n2pi, where n is an integer. The line integral
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on the closed path can be decomposed in:
∮
∇θ · dl = (θ2 − θ1) + (θ3 − θ2) + (θ4 − θ3) + (θ1 − θ4) = n2pi (2.26)
The phase gradient in the bulk superconductor along the loop is defined as ∇θ =
(−2pi/φ0)(ΛJs + A), where Λ is the London coefficient9, A is the vector potential and
Js is the current density [79]. The phase difference across the Josephson contact can
be written as ϕ = θ2 − θ1 − (2pi/φ0)
∫ 2
1 A · dl. By using these two definitions we can
find each term in Eq. (2.26) as,
θ2 − θ1 = +ϕ1 + 2pi
φ0
∫ 2
1
A · dl (2.27a)
θ4 − θ3 = −ϕ2 + 2pi
φ0
∫ 4
3
A · dl (2.27b)
θ3 − θ2 = +2pi
φ0
∫ 3
2
ΛJs · dl + 2pi
φ0
∫ 3
2
A · dl (2.27c)
θ1 − θ4 = +2pi
φ0
∫ 1
4
ΛJs · dl + 2pi
φ0
∫ 1
4
A · dl (2.27d)
The integral of vector potential A over the closed loop is equal to Φ. The total current
density is Js = 0 for which the integral path was chosen in the center of the super-
conducting loop. Consequently, the macroscopic phase difference can be obtained by
substituting Eq. (2.27) into Eq. (2.26),
ϕ2 − ϕ1 = n2pi + 2piΦ
φ0
. (2.28)
By inserting Eq. (2.28) into Eq. (2.25) the total current in terms of ϕ1 can be found
as,
Is = 2Ic cos
(
pi
Φ
φ0
)
sin
(
ϕ1 + pi
Φ
φ0
)
. (2.29)
If the total flux encircled by the SQUID loop is only given by the external flux Φext
then the maximum supercurrent in the SQUID can be written as,
Ims = 2Ic
∣∣∣∣cos(piΦextφ0
)∣∣∣∣ . (2.30)
9The London coefficient is given by: Λ = m/(nsq2), where m, ns and q are, respectively, mass, density
and charge of the Cooper pairs.
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Figure 2.14: Simulation of the critical current of the SQUID normalized to the zero field
value Ic/Ic0 is plotted as a function of external magnetic flux Φext/φ0.
For the simulation the most ideal cases such as identical junctions and
negligible SQUID loop inductance have been considered.
The most ideal case for the supercurrent modulation of the dc-SQUID is given by
Eq. (2.30). The result of the simulation of Eq. (2.30) is shown in Fig. 2.14. In most of
practical cases, however, the modulation current of the SQUID differs from theoretically
observed behavior. The main reason is that in Eq. (2.30) the inductance of the SQUID
loop is assumed to be zero. If one considers the case for a finite inductance in the
SQUID loop then the net magnetic flux encircled by the loop is not equal to the
externally applied flux Φext anymore. In this case the loop inductance can generate a
finite flux due to the circulating current around the loop. Since the generated magnetic
flux is in the opposite direction of the externally applied flux, the net flux threaded by
the loop should be smaller than Φext.
Furthermore, the Josephson junctions in the SQUID have been assumed to be identical
which results in a full modulation of the maximum supercurrent, as shown in Fig. 2.14.
However, for practical dc-SQUIDs, usually the Josephson current through each junction
is often slightly different. In that case the modulation current is reduced depending
on the supercurrent difference between each junction. For further details the reader is
encouraged to look through Refs. [77, 79, 80].
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Figure 2.15: Operation principle of a dc-SQUID; on the left side a schematic of the
dc-SQUID is shown. The SQUID loop is interrupted by two Josephson
junctions (×) which are fed by a current Ib while measuring the voltage
drop (V ) across the device. On the right side the output characteristics
of the SQUID is shown. The voltage oscillations V (Φext) are shown in the
lower-right while the critical current oscillations, Ic(Φext), are shown in
the upper-left. Adopted from Ref. [81].
Operation principle of the dc-SQUIDs
In Fig. 2.15 the working principle of a dc-SQUID is illustrated. Before the SQUID
operation one has to determine the basic Josephson properties of the device, in order
to find out the critical current value Ic which plays a crucial role during operation of
the dc-SQUID. On the left side of the figure a schematic of the dc-SQUID is shown.
Here, the device is assumed to be an ideal dc-SQUID which means the Josephson
junctions (indicated by crosses) have identical properties and the SQUID loop has a
negligible inductance, which leads to the flux threaded by the loop is given by the
externally applied field only. To operate the dc-SQUID, first the device is fed by a
constant current Ib which is symmetrically split across both junctions, as shown by
the circled arrows. Here the bias current should be slightly larger than the critical
current of the SQUID Ib > Ic. This is illustrated on the right side of the schematic
figure (red curve). At Ib value which is indicated by a black dot, the external flux Φext
applied to the SQUID loop area and the corresponding voltage V is measured. After
a half flux quantum (n+ 1/2)Φ0 the supercurrent value is reduced (or vanishes for an
ideal SQUID) (blue curve) and that leads to an increase of the voltage drop across
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the SQUID loop. By increasing the external flux further to (n + 1)Φ0 the voltage is
reduced to the initial value. Finally, the voltage oscillations across the SQUID loop
can be measured as a function of external flux and more importantly the period of the
oscillations are in flux quantum unit Φ0. Eventually the dc-SQUIDs, in principle, can
be used as a flux voltage transducers.
Not only the voltage drop across the SQUID oscillates as a function of the external
flux but the critical current of the SQUID is also modulated. The modulation of the
critical current ∆Ic against the external flux is illustrated in Fig. 2.15. The maximum
modulation current of the SQUID is discussed in the preceding section, cf. Eq. (2.30)
and Fig. 2.14. In Chap. 8, the experimental results of a dc-SQUID based on single
crystal Au nanowires with Nb electrodes will be discussed.
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Figure 2.16: Ideal one dimensional SNS junction: A step-like superconducting pair po-
tential ∆(x) and no Fermi velocity mismatch were assumed.
2.3.4 Supercurrent in one dimensional SNS junctions
In this section we will explain how the supercurrent can be carried by a normal metal
in an SNS junction. The transport of the quasiparticles at the single SN interface
has been explained within the Andreev reflection process in Sec. 2.2.1. As a conse-
quence of the Andreev reflection process we have discussed the subharmonic energy
gap structures in Sec. 2.3.1. For a single SN interface (cf. Sec. 2.2.1) the phase of
the superconductor does not play a role, i.e., it can be assumed zero by choosing ap-
propriate gauge transformations. On the other hand, in the voltage state of the SNS
junction (cf. Sec. 2.3.1) the phase of the superconductors varies with time, this is the
so-called dynamical case. Therefore, in both cases the phase of the superconducting
electrodes was ignored. However, in zero voltage state of the SNS junctions the phase
of the superconducting electrodes is stable, this is the so-called static state. The phase
difference between the superconducting electrodes plays a crucial role on the supercur-
rent flow through the normal metal weak link. Following Ref. [27], we will discuss the
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simplified case for the one-dimensional SNS junction. Similar to the BTK model, cf.
Sec. 2.2.2, here the absence of the barrier at the SN interfaces and no Fermi velocity
mismatch will be assumed for the ideal case.
In the one-dimensional case, cf. Fig. 2.16, the pair potential in the superconductors
associated with the phase difference ϕ is assumed to be ∆0e−iϕ/2 for x < 0 and ∆0eiϕ/2
for x > L, while it is assumed to be zero in the normal conductor. As discussed in
Sec. 2.2.1, the Andreev reflection is a phase-coherent process, i.e., the Cooper pairs are
transferred from one superconductor to another by means of phase-conjugated electron-
hole particles in the normal conductor.10 In a quantum mechanical picture the situation
of the electron-hole particles is similar to a finite-depth quantum well for electrons with
discrete states. However, unlike the finite-depth quantum well, the discrete states
in the SNS junction, the so-called “Andreev bound states”, are responsible for the
supercurrent flow through the normal conductor.
The energy eigenvalues of the Andreev bound states are given by,
(
E
∆0
)(
L
ξ0
)
= 2 arccos
(
E
∆0
)
∓ ϕ− 2pi n, (2.31)
where n is an integer.
For the short junction case L ξ0, two bound states can be expressed as,
E+0 (ϕ) = +∆0 cos(ϕ/2),
E−−1(ϕ) = −∆0 cos(ϕ/2).
(2.32)
For a long junction case L  ξ0, the energy eigenvalues of the bound states are given
by,
E±n (ϕ) =
ξ0∆0
L
[pi(2n+ 1)∓ ϕ]. (2.33)
10The phase acquired by the incident electron while moving through the normal conductor is canceled
by the Andreev reflected hole due to the time reversal symmetry. That’s why the electron-hole pairs
are called “phase-conjugated Andreev particles”.
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Figure 2.17: Andreev bound states of a short (L/ξ0 = 2) and a long (L/ξ0 = 20) ideal
SNS junction. Taken from [27].
Phase dependent Andreev bound states for the short and the long junction transport
limits are shown in Fig. 2.17. For a normal metal length comparable to the coherence
length L ∼ ξ0 the Andreev bound states are shown in Fig. 2.17(a). Similar to a
quantum well, the number of states is larger in the long junction case, cf. Fig. 2.17(b).
In principle, the Andreev bound states are degenerate, i.e., it consists one “-” and one
“+” state, while degeneracy is lifted for ϕ 6= 2pi n.
The total supercurrent carried by discrete Andreev bound states at T = 0K can be
calculated by,
Idis =
∑
n,±,E<0
2e
~
dE±n (ϕ)
dϕ . (2.34)
The “-” and “+” states carry same amount of supercurrent in opposite directions.
Therefore, the net supercurrent is zero when the phase difference of the superconductors
is zero. This can be understood in the frame of occupation probability of the Andreev
bound states. At zero phase difference the occupation probability of the degenerate
states are the same which results in a zero supercurrent. However, a finite supercurrent
can flow for a non-zero phase difference, that is, the “-” and “+” states have different
occupation probability.
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A more realistic analysis of the supercurrent in SNS junctions can be performed by
introducing a barrier to the SN interfaces and taking the Fermi velocity mismatch into
account. The detailed analysis of the situation has been performed by Tang et al.
[82] by using transmission-matrix approach. As an alternative the scattering-matrix
approach can be also used [40, 83, 84].
2.4 Interference effect
This section consists of two parts. In the first part we discuss a general theoretical
concept of an electron interference effect in a disordered mesoscopic system. The ex-
perimental results of Chap. 4 have been discussed based on this theoretical concept
which is also used to describe the experimental results of Chap. 7. The second part of
this section is dedicated to explain the quasiparticle interference effect in SNS junctions
which is closely related to the experimental results presented in the last part of Chap. 5.
2.4.1 Phase coherent transport
One of the fundamental consequences of the quantum mechanics is the interference of
electron partial waves. If two wave functions propagate from an common initial point
and end at a common final point the wave functions can interfere either constructively
or destructively depending on their phase evolution during the propagation. In a solid
state system, such interference effects can be realized in a ring-shaped conductor, as
schematically depicted in Fig. 2.18(a). A partial wave of coherent electron beam splits
into two parts and propagates through the upper and the lower arm of the ring-shaped
conductor. At the common exit point of the ring the interference of the wave func-
tions can be observed due to their phase accumulation during propagation.11 The
interference effect is known as the Aharonov-Bohm effect which has been theoretically
predicted in 1959 [85]. Experimentally, the effect can be demonstrated by measuring
the conductance of the ring while varying the external magnetic field. As a result
regular conductance oscillations as a function of magnetic field can be observed.
11The phase shift is induced by a vector potential A in the presence of external magnetic field Φ. At
the exit point of the ring the phase difference of two wave functions is given by,
∆ϕ = − e
~
∮
Ads = −2pi ΦΦ0 , (2.35)
where Φ0 is the magnetic flux quantum.
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Figure 2.18: a) Ring-shaped structure to illustrate the Aharonov-Bohm effect. The
electron partial waves propagate from the upper arm of the ring and the
lower arm of the ring in the presence of a few scattering centers. b) The
schematic representation of a highly disordered conductor is connected
to the reservoirs. Electrons scatter from impurities and propagate along
random trajectories forming closed loops. Three closed loops are shown.
Now, a question arises; What happens if we have multiply connected rings or closed
loops between two reservoirs? In the following we will answer this question. Let us
assume that we have a highly disordered conductor which is connected to reservoirs, as
shown in Fig. 2.18(b). There are several electron trajectories which form closed loops
by crossing each other due to the scatterers in the diffusive conductor. For each loop
the interference effect, explained above, occurs locally. Since the area of each loop is
different the total conductance is the superposition of each local conductance. Conse-
quently, the conductance exhibit aperiodic fluctuations. The shape of the fluctuations
depend on the distribution of the scattering centers in the diffusive conductor thus the
fluctuation patterns differ from sample to sample. In ideal case, the amplitude of the
fluctuations, however, remains universal and is given by (e2/h).
The conductance fluctuations has been predicted theoretically by Al’tshuler [86] and
by Lee and Stone [87]. According to their theoretical model it is possible to estimate
the conductance fluctuation amplitude. Since the conductance fluctuations depend on
the distribution of the scattering centers, in technical point of view, it is a challenge
to calculate the fluctuation amplitude with corresponding scattering centers. Instead,
it is more convenient to calculate as a function of externally applied magnetic field or
changing Fermi level (by a gate voltage) which gives an effect similar to the changing
the scattering center configuration.
In order to find the fluctuation amplitude we have to subtract the average conductance
value, because here we are interested in the conductance modulation which arises from
the interference of electrons:
δG(B, Vg) = G(B, Vg)− 〈G〉(B,Vg), (2.36)
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where 〈...〉(B,Vg) is the average over magnetic field B or gate voltage Vg. To find the
average conductance fluctuation amplitude for a given B or Vg, we need to define the
root mean square of δG,
rms(δG) =
√
var(δG) =
√
〈(G− 〈G〉)2〉. (2.37)
If the phase coherence length is much larger than the sample length lφ  L, the general
formula reads,
rms(δG) = C · e
2
h
, (2.38)
where C is a constant which depends on the sample dimensions [83].
The conductance fluctuation amplitude decreases if the sample length is larger than
the phase coherence length, L lφ. Equivalently, the average fluctuation amplitude is
reduced if the temperature of the system increases, i.e., thermal averaging effect. The
latter can be characterized by the thermal length LT =
√
~D/kBT for a finite phase
coherence length lφ =
√Dτφ, where D is the diffusion constant and τφ is the phase
coherence time. Suppose that we have a two dimensional channel with dimensions
W  lφ  L, where W is the width of the channel. For lφ  LT , we can ignore
the thermal averaging effect. Since the sample length is much larger than the phase
coherence length L  lφ, we can divide the sample into uncorrelated segments each
having dimensions equal to the lφ, and fluctuation amplitudes in the order of e2/h. Since
for each segment connected to each other in series, the conductance amplitude can be
calculated from the average resistance according to the Ohm’s law. The conductance
can be expressed by [88],
δG = constant× e
2
h
(
lφ
L
)3/2
. (2.39)
Now, we can consider the case lφ  LT for which the thermal averaging effect comes
into play. Considering an electron traveling a distance L1 in the diffusive system within
a time t1, according to the uncertainty principle the electron energy is defined within
energetic width, the so-called correlation energy [88],
Ec(L1) ≡ ~D/L21. (2.40)
If the correlation energy is in the order of the thermal energy Ec = kBT , from Eq. 2.40
we can find the thermal length LT . For the length scale LT  lφ < L, the total
energy interval kBT near the Fermi level is divided into subintervals of the width
Ec(Lφ) = ~/τφ. In each uncorrelated energy width the phase coherence is maintained
and the number of the subintervals is N ≈ kBT/Ec(lφ). Eventually, the general formula
for the conductance is given by [89],
δG = C × e
2
h
(
lφ
L
)3/2 [
1 + 92pi
(
lφ
LT
)2]−1/2
, (2.41)
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where C is a constant [89]. Evidently, the amplitude of the fluctuations reduce by a
factor N−1/2 = LT /lφ.
As pointed out above the interference pattern and the fluctuations can be changed
by applying magnetic field B or by changing the Fermi energy level E via gate voltage.
The change of electron energy is related to the correlation energy to be, ∆E = Ec,
while variation of the magnetic field is connected to a correlation field Bc. The Ec and
Bc provide us to calculate the ensemble average over the scatterer configurations. The
conductance fluctuations can be expressed by the correlation function which is given
by [90],
F (∆E,∆B) = 〈g(E,B)g(E + ∆E,B + ∆B)〉 − 〈g(E,B)〉2. (2.42)
Here, the normalized conductance is defined as g = G/(e2/h). The correlation func-
tion can be understand as the response of the conductance for a small change in the
magnetic field (B + ∆B) or in energy (E + ∆E).
In the previous part, the conductance fluctuation amplitude has been defined for
F (0, 0),
F (0, 0) = 〈g(E,B)− 〈g(E,B)〉〉2 = 〈g(E,B)2〉 − 〈g(E,B)〉2, (2.43)
where the correlation field Bc or correlation energy Ec is defined as,
F (Bc, Ec) =
1
2F (0, 0). (2.44)
2.4.2 Quasiparticle interference effect in SNS junctions
Usually SNS Josephson junctions are referred to as a circuit analogue of an optical
Fabry-Pèrot resonator. Due to phase-conjugated Andreev particles, the SN interfaces
play a role of “mirrors” which can be “moved” back and forth by changing the phase
difference between two superconducting electrodes. This leads to Fabry-Pèrot interfer-
ence patterns. The normal metal (N) or semiconductor in between two superconducting
electrodes plays the role of a resonator. The interference pattern in the Josephson cur-
rent has been first discussed theoretically by Rittenhouse and Graybeal [91] as well
as by Tang et al. [82]. Josephson current oscillations due to interference effects in a
two-dimensional electron gas has been studied theoretically by Chrestin et al. [92].
There, it has been shown that changing the carrier concentration (e.g. by means of
electrostatic gating) gives rise to standing waves in the S/2DEG/S resonator which
are responsible for the interference effect. Here, 2DEG represents the two-dimensional
electron gas. Altering the charge carrier concentration in the resonator causes a change
of the electron and hole wave vectors. Furthermore, the numerical analysis of the os-
cillatory behavior of the Josephson current as a function of electron concentration has
been analyzed for different barrier strength parameters Z. It has been clearly observed
that interferences (oscillations) in the Josephson current are reduced when the barrier
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strength is decreased from Z = 1.0 to Z = 0. This is due to the fact that the prob-
ability of normal-reflection, which is responsible for the interference of the Josephson
current, is reduced by decreasing the Z parameter. The experimental realization of
such an interference effect was first performed by Takayanagi et al. [93]. However, the
oscillations in the Josephson current were found to be very weak. There, the supercon-
ducting Nb electrodes were deposited on top of an InAs-based 2DEG at which the NS
boundaries were not well defined. Therefore the electrons could penetrate a finite dis-
tance underneath the superconducting electrodes before being Andreev reflected [94].
Later on, by the same group, more pronounced oscillations in Josephson current have
been found in the junction where the superconducting Nb electrodes were contacted in
such a way that they cover only the mesa edges of the InAs-2DEG rather than covering
the surface, cf. Fig. 2.19(a) [95]. Consequently, the NS boundaries were well defined
and electron-hole standing waves in the resonator could be formed. As a result the
interference effect could be resolved clearly.
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Figure 2.19: a) Schematic of an InAs-based 2DEG heterojunction with a top gate elec-
trode and superconducting Nb covering the mesa edges (taken from [95]),
b) Schematic view of a quasi-particle interferometer based on a Nb/InAs-
2DEG heterojunction (adopted from [96]).
One of the most interesting topics in mesoscopic physics is the interaction between
the microscopic phase of the wave function of a particle in the normal metal and the
macroscopic phase of the superconductor at the NS interface. In the Andreev reflection
process the phase of quasi-particles (electrons and holes) is shifted by the supercon-
ducting phase at the NS interface. It has been predicted by Spivak and Khmel’nitskii
that such phase shift not only affects the Josephson current but is also responsible for
resistance oscillations in SNS junctions [97]. Thereafter many different interferometers
based on this idea have been proposed [98, 99, 100, 101] and some of them have been
experimentally realized [96, 102, 103]. One example is shown in Fig. 2.19(b) [96]. The
device has been used as a quasi-particle interferometer. In this system a quasi-ballistic
InAs-based 2DEG has been employed. The superconducting Nb electrodes were de-
posited on top of a 2DEG in such a way that on one side the superconducting Nb
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electrode forms a ring with an interruption, on the other side a Nb lead is placed on
a certain distance across the ring interruption, as schematically shown in Fig. 2.19(b).
The system is basically a superconducting quantum interference device (SQUID). The
Josephson coupling has been tuned by varying the distance between electrodes (L) E1
and E2. While they were able to observe clear SQUID oscillations for L = 0.3µm and
weak oscillations for L = 1µm, the oscillations vanished for L = 2µm. In order to
change the Josephson coupling, alternatively, they applied a large bias current which
is two orders of magnitude larger than the critical current of the device. This guar-
antied that there is no Josephson coupling and thus no SQUID oscillations. Similar to
the SQUID oscillations they observed differential resistance oscillations. These oscilla-
tions have been attributed to the quasi-particle interference effect. It has been claimed
that the quasi-particle interference effect took place at or in the vicinity of the ring
interruption in which both arms (1a and 1b) are at the same potential although the
differential resistance is measured between E1 and E2. The phase difference between
both electrodes 1a and 1b is time independent therefore the phase difference between
these two electrodes changes only with the externally applied magnetic field.
Quasi-particle interference has also been observed by Bastian et al. in an SNS Joseph-
son junction geometry at a finite voltage [102]. There it has been argued that the phase
of the Josephson junction is quasistatic up to voltages around 1mV. Furthermore, it
has been mentioned that at intermediate barrier strength Z a significant amount of
quasiparticles can interfere constructively resulting in spikes in the differential resis-
tance. Unlike the resistance oscillations which has been observed in Ref. [96], here the
differential resistance “spikes” appear at zero magnetic field and monotonously decay
when the magnetic field is increased and do not appear again with further increasing of
the magnetic field. The quasiparticle interference effect in etched InAs nanowires has
been explained based on the discussions which are introduced above, see the last part
of Chap. 5.
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In this chapter the properties of materials and the technical details which have been
used throughout this thesis will be introduced. The chapter consists of three main parts.
In the first part, the material properties including the nanowires and superconducting
Nb thin film will be introduced. Three different types of nanowires have been used
in this study. Semiconducting InAs nanowires were grown by metal organic vapor
phase epitaxy (MOVPE), InSb nanowires were grown by pulsed-laser chemical vapor
deposition (PL-CVD) and single crystal Au nanowires were grown by electrochemical
deposition (ECD). While doped semiconducting InAs and metallic single crystal Au
nanowires were used for the demonstration of the superconducting proximity effect, the
semiconducting InSb nanowires were employed to study the phase coherent transport
via normal metal electrodes. The nanowire growth mechanisms, structural properties
and their correlation to the resistivity will be explained briefly. The first part will be
finished by introducing the superconducting properties of the Nb which has been used
as a nanowire contact material for doped InAs and Au nanowires. In the second part,
the optimized device fabrication techniques will be explained, while in the last part, the
electronic transport measurement techniques, in particular, the basics of the Josephson
junction characterization will be introduced.
3.1 Material Properties
3.1.1 InAs nanowires
The formation of the surface charge accumulation layer in the semiconducting InAs
material offers an advantage for the straightforward contacting process. The surface
charge accumulation layer arises from the conduction band bending at the vicinity of
the surface of the material where the Fermi level crosses the conduction band, so called
Fermi level pinning [104, 105]. Therefore the semiconducting InAs became one of the
most commonly used materials for the demonstration of the superconducting proximity
effect. In the following, the growth technique of the InAs nanowires, the crystalline
properties as well as their impact on the resistivity of the nanowires will be explained
briefly.
The MOVPE growth process
The focus of this thesis is to use InAs nanowires as a weak link between two supercon-
ducting Nb electrodes. There are different approaches to grow InAs nanowires. One of
the commonly used approach is the MOVPE. The working principle of the MOVPE is
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based on a chemical reaction of metal organic compounds and hydrides, so called pre-
cursors, on the surface of a substrate on which the desired structure grows. In the case
of InAs nanowire growth the metal organic compound is in the form of trimethylindium
(TMIn) while the hydride is in the form of arsine (AsH3) compounds. Such precursors
are transported into the reactor where the nanowires are grown on the substrate. For
the transportation of the precursors either N2 or H2 are used as carrier gases. The
chemical reaction takes place via elevating the substrate temperature, e.g., 650-700 ◦C,
at which the precursors decompose on the substrate to form a single crystalline layer.
The residual compound, e.g. CH4, after chemical reaction is evacuated by the carrier
gas. More elaborate description of the MOVPE growth process can be found in [106].
For InAs nanowires there are two commonly used growth mechanisms, i.e., vapor
liquid solid (VLS) and selective-area metal organic vapor phase epitaxy (SA-MOVPE).
In the VLS mechanism Au particles are used as a catalyst or seed material. At high
temperatures the Au catalyst turns into a liquid phase in which the gas precursors
supersaturate at the substrate - catalyst interface. The diameter of the nanowires in
the VLS method is defined by the size of the catalyst particle. Unlike the VLS growth
mechanism, the SA-MOVPE is a catalyst free growth method. Here, the growth of the
nanowires take place only at the desired positions of the substrate while the nanowire
growth is avoided by a mask at the remaining part of the substrate [107]. In terms of the
electrical properties, a remarkable difference between the nanowires which were grown
by VLS and SA-MOVPE mechanisms has been found. In Ref. [108], the resistivity
of undoped VLS grown nanowires has been found as ρV LS = 5.1 ± 0.3 × 10−5 Ω·m,
while for the undoped SA-MOVPE grown wires ρSA−MOV PE = 46 ± 14 × 10−5 Ω·m
which indicates that for these nanowires the catalyst Au particle is incorporating to
the growth of the nanowires in the VLS mechanism. In this thesis, we have used InAs
nanowires which were grown by the SA-MOVPE mechanism. The larger resistivity of
the SA-MOVPE grown nanowires, in fact, limits the amount of supercurrent in the
nanowires. Therefore, the nanowires were doped by Si. In order to tune the Si doping
level, the ratio of disilane (Si2H6) partial pressure and group III precursor has been
adjusted as p(Si2H6)/p(TMIn) = 7.5 × 10−5, which is defined as doping factor 1. For
the Josephson junctions we have used two different doping factors, i.e., 100 and 500.
The resistivity of the nanowires with doping factor 100 and 500 has been found as 0.019
and 0.0018 Ωcm, respectively [109].
The crystalline structure
The crystal structure of bulk InAs, usually, is zinc blende (ZB), while in the case
of InAs nanowires an additional wurtzite crystalline phase can be present. Along a
single nanowire both crystalline phases can be observed at the same time, so called
polytypic phase. The observation of both crystalline phases in the single nanowire is
usually called stacking faults. The atomic arrangement of both crystalline phases are
commonly identified by the letter notation such that for the ZB phase ...ABCABC...
and for the WZ phase ...ABAB... notation is used. In this notation each letter represent
a bilayer of In and As atoms. The impact of the stacking faults on the resistivity of the
nanowires has been investigated in Ref. [109]. It has been found that the misalignment
of the energy levels of the ZB and WZ crystalline phases leads to resistance variations
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depending on the number of the stacking faults. Detailed information concerning the
growth parameters, structural properties as well as the basic transport properties can
be found in Ref. [109].
a)
b)
c)
Figure 3.1: a) Selective-area nanowire growth on GaAs (110) substrates. High aspect
ratio InAs nanowires grown with the standard growth parameter set as used
for the growth on GaAs (111)B. b) SEM image showing the GaAs (001) top
surface and GaAs (110) cleaved edge of a quarter-wafer after growth with a
dashed line indicating the edge. On top, a SiO2-coated area and an exposed
GaAs area with InAs growth are denoted. c) High resolution TEM image
of the edge of a wire with indicated zinc blende (ZB) and wurtzite (WZ)
segments and many stacking faults. Taken from Ref. [110].
InAs nanowires grown on (100)GaAs substrate
The doped nanowires, which were grown on GaAs substrates with a crystal orientation
of (111)B [109], are used as a weak-link between two superconducting Nb electrodes,
cf. Chap. 5 and Chap. 6. In Chap. 4, we used undoped InAs nanowires which were
grown on (100)GaAs substrate. The undoped InAs nanowires were contacted by nor-
mal metal Ti/Au electrodes to investigate their semiconducting transport properties.
In order to fabricate the nanowires, first a GaAs substrate was employed with surface
crystal orientation (111)B while the nanowires, unexpectedly, grew on the side wall of
the substrate with crystal orientation (100), rather than on the (111)B surface of GaAs.
Later on, a similar growth process has been applied to the surface of a (100)GaAs sub-
strate, in order to fabricate nanowires by selective area growth. During the discussion
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of the nanowire transport properties in Chap. 4, the former samples will be called
“edge nanowires” (Fig. 3.1(b)) while the latter ones will be called “surface nanowires”
(Fig. 3.1(a)). The detailed fabrication of these nanowires as well as their difference
from the ones which were grown on a (111)B substrate is given in Ref. [110].
3.1.2 GaAs/InAs core/shell nanowires
For the growth of the GaAs/InAs core-shell nanowires by molecular beam epitaxy
(MBE), GaAs (111)B substrates were covered with ∼ 6 nm SiOx [111]. The GaAs
cores were grown at a substrate temperature of 620 ◦C for 1.5 h using a self-catalyzed
approach. A Ga flux corresponding to a planar growth rate of 0.095µm/h and an As4
beam equivalent pressure (BEP) of 10−6 torr were used. Subsequently, the catalyzing
Ga droplets were consumed and the temperature was lowered to 590 ◦C while increasing
the As4 BEP to 8−6 torr. Then, a GaAs shell was grown for 40min around the GaAs
core using the same Ga flux as before, in order to achieve thicker wires. Hereafter,
the substrate temperature and the As4 BEP were lowered to 490 ◦C and 10−6 torr,
respectively [112]. Using an In rate of 0.125µm/h, the InAs shell was grown for 25min.
Two different samples were grown, with and without Si doping in the InAs shell. Sample
A was grown without the doping (cf. Fig. 3.2(a),(b)), while for Sample B, a Si flux
giving an n-type doping of 4×1019 cm−3 was introduced during the InAs shell growth (cf.
Fig. 3.2(c),(d)). The doping concentration was calibrated on GaAs (001) substrates.
Finally, the wires had a core diameter of about 180 nm with an InAs shell thickness
around 40 nm.
1µm
1µm
100nm
200nm
a) b)
c) d)
Figure 3.2: Scanning electron micrographs of GaAs/InAs core/shell nanowires: a) An
overview of the undoped as grown nanowires, b) Focus on the top segment
of a nanowire with the uncovered part of an undoped nanowire. c) An
overview of the doped as grown nanowires, d) Focus on the top segment of
a nanowire with the uncovered part of a doped nanowire.
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3.1.3 InSb nanowires
In this study, we have investigated the phase coherent transport properties of the InSb
nanowires via normal metal Ti/Au electrodes (see Chap. 4). Among III-V semiconduct-
ing materials InSb is particularly interesting due to its narrow band gap, high carrier
mobility and low effective mass. The InSb nanowires were grown by pulsed-laser chemi-
cal vapor deposition (PL-CVD) which is based on Au catalyst VLS growth mechanism,
as explained above. The crystal structure of the nanowires has been investigated by
Raman spectroscopy as well as high resolution TEM where the zinc blende crystalline
phase has been found. Detailed information about growth parameters and structural
properties of the nanowires can be found in Ref. [113].
3.1.4 Single crystal Au nanowires
The gold nanowires were grown by electrochemical deposition method. The growth
method, despite being simple, is widely used for the fabrication of nanostructures. The
schematic illustration of the growth method is shown in Fig. 3.3. As a first step, 30µm
thick polycarbonate membrane were irradiated at the UNILAC linear accelerator of
GSI (Darmstadt, Germany) by Au ions. Here, the kinetic energy of 11.4MeV/nucleon
and the ion flux of 1×108 ions/cm2 has been used (Fig. 3.3(a)). In the second step,
both side of the membrane was exposed to the UV-light for 2 h. This step is necessary
for creating the cylindrical holes during etching of the membrane (Fig. 3.3(b)). Later
on, the membrane was etched in the 5M/l NaOH solution at 50 ◦C for 1 to 5min
(Fig. 3.3(c)). After the etching process, the obtained pore sizes in the membrane,
which are created by Au ions, ranged from 30 to 130 nm. In order to homogeneously
etch the membrane an ultrasonic field was employed. The third step is the deposition
of a thin Au layer on top of the membrane, which later has been reinforced by a
thick copper metal substrate. The copper substrate is used as an conducting cathode
layer in the next step (Fig. 3.3(d)). In the forth step, the membrane is put into the
Na3Au(SO3)2 solution with concentration of 0.1M/l. The applied voltage between the
copper substrate and the anode platinum wire was 1.5V, which has been used also
to control the growth rate via recording current versus time (Fig. 3.3(e)). Finally,
the membrane template around the wires was removed by dichloromethane (CH2Cl2)
(Fig. 3.3(f)). The free standing nanowires onto the copper substrate are shown in
Fig. 3.4(a) and (b). Due to the long length of the nanowires (few tens of microns), they
collapse onto each other.
As shown in Fig. 3.4(b) the nanowire surface is uniform with a typical diameter
around 100 nm. The uniformity of the nanowire is achieved by a fine etching of the
membrane explained above. Moreover, the surface properties of the nanowire have been
investigated by transmission electron microscopy as shown in Fig. 3.4(c) which shows no
tapering in the entire length. One of the important properties of these nanowires is the
single crystallinity which has been confirmed by the selective area electron diffraction
(SAED) method as shown in Fig. 3.4(d). Further structural analysis has been car-
ried out by optical means, so called surface plasmon resonances (SPR). More detailed
information can be found in Ref. [114].
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Figure 3.3: The electrochemical deposition process steps of single crystal Au nanowire
growth: a) The irradiation of a polycarbonate membrane via Au ions, b)
The UV exposure of the polycarbonate membrane, c) The ion track tem-
plate was etched by NaOH solution, d) The polycarbonate membrane was
supported by a thin Au and thick copper substrate, e) The nanowire growth
has been realized in a Na3Au(SO3)2 solution by applying voltage to the cop-
per substrate and platinum rod, f) The polycarbonate membrane around
the nanowires is dissolved in a CH2Cl2 solution.
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a) b)
c) d)
Figure 3.4: a) The scanning electron micrograph (SEM) overview of the Au nanowires,
b) The SEM zoom in to a bundle of nanowires, c) Transmission electron mi-
croscopy (TEM) image of two nanowires, d) Selective area electron diffrac-
tion (SAED) patterns of a single crystal Au nanowire.
3.1.5 Properties of superconducting Niobium
In order to maintain the superconducting proximity effect, particularly in a highly
disordered mesoscopic nanowires, it is often advantage to use a superconductor with a
large superconducting gap ∆0. One approach is to use superconducting Niobium (Nb)
with a gap ∆ ∼ 1.5meV. Superconducting Nb is one of the most studied and well known
elemental type-II superconductor. In comparison to the type-I Al superconductor which
is frequently used for the nanowire based SNS junctions, Nb has a relatively high critical
temperature Tc ∼ 9K, thus critical magnetic field1 Bc ∼ 3 − 5T [115, 116]. In the
following the properties of the Nb will be discussed.
1The critical temperature is for bulk Nb while Bc is the second transition field which is usually
indicated by Hc2 in text books.
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Figure 3.5: Ar pressure versus Nb sputtering rate for different powers (left y-axis) and
cathode voltages (right y-axis).
Niobium deposition and characterization
Deposition of Nb is one of the crucial steps for our device fabrication. Unlike electron
beam evaporation technique, which can be used only for metals with a low melting
point, for Nb deposition it is necessary to use sputtering technique due to its high
melting point Tmelting = 2477 ◦C. For the Nb thin film deposition a dc-magnetron
sputtering machine (Leybold Z-400) was employed. The thin films were sputtered at a
constant power (130W) with a cathode voltage/current ratio depending on the argon
pressure. In order to minimize the compressive stress in the niobium thin films, the
sputtering gas pressure of about 8 hPa (8mBar) with corresponding cathode voltage
of 275V was chosen. The momentum transfer between energetic Ar ions and the Nb
target material leads to a denser thin film morphology and comprehensive remnant
stress at the interface of the nanowire and thin film. To obtain better superconducting
properties of the Nb thin films it is important to avoid stress or at least reduce it. The
Nb deposition at higher pressure with a constant power causes a lower cathode voltage
and particle energy. By this way the kinetic energy of the particles can be reduced by
more scattering with the Ar ions before they reach the substrate.
In Fig. 3.5 the Ar pressure dependent sputtering rate and cathode voltage is shown.
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In this thesis the sputtering rate is connected to a power 130W which leads to 1 nm/s
sputtering rate. The most crucial point during deposition was to interrupt the Nb
sputtering for each 10 sec by a period of 1min. The idea was to avoid any heating in
the electron beam resist layer, otherwise it would become hard and make the lift-off
process more difficult. In most of times, we used ten times 10 s deposition while between
each iteration the deposition was interrupted by a 1min waiting time to let the substrate
cool down. In order to obtain a Schottky barrier free contacts the native oxide on the
surface of the nanowires has been removed by +Ar sputtering just before Nb deposition
in the same chamber. For most of the nanowires we have used 30 sec with 4mbar Ar
pressure. In order to etch the complete nanowire (see Chap. 5) underneath the contact
electrodes a 70 sec +Ar sputtering time has been used. For some of the devices a very
thin Ti/Au inter-layer was employed between Nb and the nanowires interface. For
those nanowires the +Ar sputtering has been used in a different chamber.
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Figure 3.6: a) Atomic force microscopy (AFM) image of the edge of the Nb thin film
deposited on a Si/SiO2 substrate, the tip scan area is 5×5µm, b) Three di-
mensional representation of the image shown in (a), c) The section analysis
of the Nb thin film, the thickness of Nb has been found as ∼ 90 nm.
In Fig. 3.6(a) the atomic force microscopy (AFM) image (5×5µm) of a Nb thin film
is shown. The edge of the Nb (bright line) patterned by electron beam lithography
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which leads to a large side wall at the edge of the thin film (see the Sec. 3.2). On the
surface of the Nb thin film some white spots with density 8.4µm−2 have been observed
and can be clearly seen in the 3D-image, Fig. 3.6(b). The reason of these spots was
not understood. The root mean square roughness of the Nb thin film has been found
as 2.1 nm, while the mean roughness has been found as 0.893 nm which indicates the
uniform surface topography. We have used the AFM technique mainly to measure the
thickness of the Nb thin films. In Fig. 3.6(c) the section analysis of the thin film is
shown. In general, the thickness of the Nb thin films vary between 85 nm to 110 nm for
the deposition rate discussed above. For this particular sample, shown in the figure,
we have obtained a thickness of 109 nm.
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Figure 3.7: Critical temperature measurements of a superconducting Nb meander (see
inset Fig. 3.8) at B = 0T: a) Two subsequent measurements of the resis-
tance as a function of temperature, the measurements were performed by a
small bias current of 5 nA while changing the temperature, the inset shows
the dR/dT curve where the obtained peak assigned to the critical tempera-
ture of Nb Tc = 7.25K, b) Two subsequent measurements have been carried
out by measuring the current-voltage characteristics of the meander shaped
Nb at each constant temperature.
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The critical temperature and magnetic field of Nb
Nb is one of the four elemental type-II superconductors along with Carbon (Tc ∼ 15K),
Technetium (Tc ∼ 7.8K) and Vanadium (Tc ∼ 5.4K). The mechanism of the supercon-
ductivity of the Nb is being a subject of many research articles, e.g., Refs. [117, 118].
The structural dependence of the critical temperature as well as critical magnetic field
has been investigated by Bose et al. [115, 116]. Here, we discuss the critical tem-
perature and later critical magnetic field of our Nb thin films that we have used for
contacting the nanowires.
In order to measure the critical temperature of the Nb we have prepared a meander -
shaped Nb thin film. The reason to make a meander shape was to obtain a measurable
resistance for the small bias currents. The measured meander - shaped device is shown
in Fig. 3.8 (inset). Both ends of the device are split into two contacts from which one
is used for the current bias and from the other contact the voltage drop is measured.
In Fig. 3.7(a) the measured resistance is shown as a function of temperature. In this
measurement the sample is biased with a small constant current and the temperature
slowly increased while measuring the voltage. The measurement was repeated and we
have found a consistency between two consecutive measurements as shown in the fig-
ure. The complete transition, from superconducting state to the normal state, takes
place within 1.4K which can be interpreted that we have a relatively good Nb thin
film. Although there are different approaches to define the exact critical temperature
Tc, here we have defined it by differentiating the resistance versus temperature curve
which gives a peak with the maximum assigned to Tc. The dR/dT curve as a function
of temperature is shown inset Fig. 3.7(a) in which the peak corresponds to the critical
temperature as Tc = 7.25K.
We have also performed measurements on the same device of the current voltage charac-
teristics at each constant temperature. The measurement result is shown in Fig. 3.7(b).
Similar to the previous measurement, here the measurement has been repeated and no
difference has been observed. The previously measured critical temperature value has
been confirmed with a negligible difference.
The critical magnetic field Bc of the Nb film has been measured on the same device
(see inset Fig. 3.8). The measurement has been performed at T = 0.4K via biasing the
device with a small current while sweeping magnetic field from −6.5T to +6.5T, the
voltage is recorded simultaneously. Here a magnetic field was applied perpendicular
to the device. In the normal state the resistance of the device is exactly the same for
both T > Tc and B > Bc which is about RN ∼ 225 Ω. Similar to the Tc, here we
have defined the Bc in a same fashion, i.e., differentiating the resistance as a function
of magnetic field dR/dB. The observed peaks at both negative and positive magnetic
field has been assigned to the Bc ∼ 3.25T.
3.2 Device Fabrication Technology
In this thesis we have used three different contact materials: Normal metal electrodes
Ti/Au, superconducting Ti/Al and superconducting Nb. The normal metal Ti/Au
(5/150 nm) has been used as a contact material for InSb nanowires to study the phase
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Figure 3.8: Resistance of the meander shaped Nb thin film (inset) as a function of
magnetic field at T = 0.4K. The critical magnetic field of the Nb has been
found as Bc ∼ 3.25T.
52
3.2 Device Fabrication Technology
coherence transport, cf. Chap. 4. The Ti/Al (5/130 nm) has been used as a super-
conducting contact material for a highly doped InAs nanowires, cf. Chap. 6. The
fabrication of Ti/Au and Ti/Al electrodes with current technology is relatively easy.
For these materials it is more convenient to use electron beam evaporation technique
subsequent to the pattern definition by electron beam lithography. Owing to the direc-
tional deposition, the metal lift-off process works quite well. However, this deposition
method is limited by the melting point of the metals, i.e., it does not work for metals
whose melting point temperature is high, such as Nb. In that case it is necessary to
use a sputter deposition method which is a sort of conformal deposition rather than
directional. Although for metal lift-off process the conformal deposition is not the best
technique, there are presently no alternative ways. To optimize the metal lift-off process
after Nb sputtering we have tried many parameters, e.g., different PMMA layer system,
many different electron beam dose, changing the deposition conditions etc. Since the
fabrication of Ti/Au and Ti/Al contact materials are relatively easy compared to the
Nb material, in the following we will discuss only the optimized contact fabrication
process of the Nb and its shortages.
Preparation of SEM markers
The device fabrication process starts with the preparation of the scanning electron
microscopy (SEM) position markers. First a 4-inch degenerately n-type Si wafer is
oxidized by a 200 nm SiO2 via thermal oxidation method. The second step, as will
be explained later, by means of electron beam lithography the SEM markers created
by Ti/Au on the whole wafer. This process allows us to define the position of the
nanowires with a high precision. On a full Si wafer we were able to fabricate around
30 chips, each of them consists of 25 cells and for the Nb contacting process each cell
(see Fig. 3.9(b)) can be used to contact 5 nanowires.
Nanowire transfer
The next step is to transfer the nanowires from the as-grown substrate to the Si/SiO2
substrate with SEM markers. For that the nanowires were mechanically picked up by
a clean room tissue and randomly disposed onto the Si/SiO2 substrate. As soon as a
nanowire dropped on to the Si/SiO2 substrate it sticks on the substrate via van de Waals
force and does not change its position anymore. In Fig. 3.9(a) a typical example of a
transferred nanowire is shown with the position markers. There are different markers
that provide us to define the nanowire position with a high precision.
Contact design
After taking SEM images of the transferred nanowires with the markers, cf. Fig. 3.9(a),
they were imported to a computer aided design (CAD) program. In the CAD program
the markers in the SEM picture were matched to the markers in the CAD program and
by that the exact position of the nanowires were defined. As shown in Fig. 3.9(b) each
designed electrode is split into two contacts that enabled us to use quasifour-terminal
measurements.
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Figure 3.9: a) SEM image of the position markers on a Si/SiO2 substrate. The position
of the transferred nanowire is defined by the closest markers, b) Schematic
of the contact design via CAD program.
Electron beam lithography
The electron beam lithography process flowchart is schematically depicted in Fig. 3.10.
In the following details of each step are described:
a) Electron beam resist spinning: The Si/SiO2 substrate with transferred nanowires
was cleaned by acetone and propanol. This cleaning step is necessary for removing any
dust particles on the substrate, otherwise these particles lead to a non-uniform resist
surface thus a non-uniform metallization. After cleaning the substrate two layers of
e-beam resist, from ALLRESIST GmbH Strausberg-Germany, were coated by a spin-
ner. The first layer is a copolymer PMMA/MA (methylmethacrylate and methacrylic
acid) 33% with a particle size 0.2µm after filtering. The PMMA/MA resist is 3-4
times more sensitive to the electron beam and higher contrast than other PMMA re-
sists. The higher sensitivity of this resist provides a better metal lift-off, particularly
for the conformal metal deposition. The copolymer layer was coated by spinning of
6000 rpm and then baked at 180 ◦C for 10min. With these conditions we have obtained
the PMMA/MA layer thickness of around 300 nm. The second resist layer is a PMMA
950K (chlorobenzene) with 4% solid content. For this layer we have also used 6000 rpm
spinning and baked at 180 ◦C for 5min. The resist layer system is schematically shown
in Fig. 3.10(a) with a hexagonal nanowire underneath.
b) Electron beam exposure: The second step is the electron beam exposure onto
specified areas which have been previously defined by the CAD program. After testing
many electron beam doses we have found the optimum dose as 400µC/cm2 with an
electron beam current of 3 nA. These parameters are constant during e-beam writing.
For some samples, however, we have applied the proximity correction to define the
e-beam dose depending on the beam position. For the samples which we have applied
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the proximity correction we used 170µC/cm2 as a base dose which can vary by a factor
of two or slightly more. We have found out that the proximity correction substantially
improved our device fabrication process.
c) Developing: After electron beam writing the sample developed in a AR 600-55 solu-
tion, from ALLRESIST GmbH Strausberg-Germany, for 2min and stopped in propanol
for 30 s. The sample was dried by N2 gas before checking via optical microscope if all
the patterns are visible. After that, for some samples the oxygen plasma was employed
for 4 sec in order to remove any residue of the electron beam resist on the developed
area. In order to avoid using oxygen plasma, which reduces the thickness of the com-
plete resist layer, we have sometimes developed the samples 5 s longer. We have not
observed any difference between these two process steps.
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Figure 3.10: Superconducting Nb contacting process steps: a) Double layer electron
beam resist coated by means of spin coater, b) The designed electrode
areas were written by electron beam, c) The sample was developed in
a AR 600-55 developer to remove the electron beam exposed areas, d)
Superconducting Nb deposited by magnetron sputtering, e) Lift-off of the
Nb were realized in a DMSO-cyclopentanone (1:0.3) solution, f) Schematic
of the Nb contacted nanowire. The Nb side walls were not removed due
to the conformal deposition of the Nb.
d) Nb sputtering: The next step is the Nb deposition via dc-magnetron sputtering.
A 100 nm thick Nb layer was deposited onto the sample right after +Ar milling, in order
to remove the native oxide on the nanowire surface. A clean nanowire-superconducting
interface is important to observe superconducting proximity effect.
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e) Metal lift-off: The lift-off process has been done in a 1:0.3 DMSO + C5H8O
(cyclopentanone) solution for more than ten hours. It should be noted that the chemical
cyclopentanone is a toxic material which should be used with a careful safety protections
such as face mask and appropriate gloves etc.
f) Device: The device after lift-off should be cleaned by propanol for a few minutes.
The schematic of the device, after the lift off process, is shown in Fig. 3.10(f). The
side walls due to the conformal deposition of Nb could not be avoided, though a few
different resist layer systems have been used.
N
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Figure 3.11: SEM images of two different Nb contact schemes after the complete fabri-
cation process: a) The Nb electrodes cover a small portion of the nanowire,
b) The Nb electrodes cover the complete nanowire from both side of the
junction.
In Fig. 3.11 representative scanning electron micrograph of two devices are shown
after the complete fabrication process. In Fig. 3.11(a) the contact width is small while in
Fig. 3.11(b) the Nb electrodes cover the complete wire. In the transport measurements
we usually obtained better results for the latter one, i.e., the normal state resistance
of the device is lower when the coverage area of the electrodes are larger. Therefore,
most of the devices have been designed with larger contact areas.
In order to obtain a superconducting proximity effect, the electrode spacing must be as
small as possible. Usually the distance between the electrodes is much smaller than the
design distance. The difference between design and actual distance is again due to the
conformal deposition of the Nb sputtering. In Fig. 3.12 the actual distance between
the electrodes obtained from scanning electron micrographs is plotted as a function
of the design distance which has been obtained from the CAD program. As can be
seen in the plot, the overall behavior is linear. Since we did not see any supercurrent
for the devices with electrode separation above 160 nm, we are only interested in the
region indicated by the dashed circle. From the graph the design distance should not
exceed 300 nm, in order to get an actual distance around 150 nm while for the lower
limit the design distance should not be lower than 200 nm, in order to prevent a short
circuit between electrodes. Eventually, our optimum design length Ldesign is in the
range 200 nm  Ldesign  300 nm within that range we can get the actual distance
Lactual in the range 75 nm  Lactual  170 nm.
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Figure 3.12: The design distance, which is defined from the CAD program, is plotted
as a function of actual distance, which is obtained from the SEM image
of the devices after complete fabrication process. The red dashed circle
indicates the optimum region for the device fabrication.
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3.3 Electronic transport measurement techniques
After the device fabrication process is finished, electronic transport measurements were
performed. The transport measurements have been carried out first at room tempera-
ture in order to test the devices. After room temperature test measurements the best
devices were chosen for the low temperature measurements. In the following we are
going to introduce the details of the measurement techniques.
Room temperature measurements
After a complete fabrication process we usually have around 100 junctions on a complete
chip array. This array consists of 5×5 cells and each of them contains in average of four
junctions. Right after fabrication an SEM image of each junction was taken in order
to check wether the junction is short circuit or not. Later on, we have measured the
current-voltage characteristic of each junction at room temperature via a semiconductor
parameter analyzer. From two-terminal current voltage characteristics of the junctions
the resistance of each junction was extracted. In Fig. 3.13 the room temperature
resistance of some junctions are plotted against the distance between electrodes. In
this analysis we are interested in low resistance values as well as in small electrode
separations, in order to be able to measure a supercurrent through the nanowires. The
area of interest is indicated by a cyan square. We usually choose the junctions with
lengths L ≤ 170 nm and the resistance around R ≤ 5 kΩ. It is worth mentioning that
the devices are very sensitive to the electrostatic discharging. As soon as the device
fabrication process is completed, they were stored in a jell box which protects the
devices from electrostatic discharges.
Low temperature measurements
After finishing the room temperature test measurements the sample was coated by a
photo resist, in order to protect it from the electrostatic discharges during dicing. The
photo resist was removed by acetone after dicing process. The diced sample dimension
is 12 × 12mm. For low temperature measurements the device is mounted in a chip
carrier via silver paste, cf. Fig. 3.14. Each contact is bonded by a thin low resistive
gold wire. To avoid electrostatic discharge during the bonding process everything which
is in contact to the sample is grounded.
After bonding process the chip carrier is mounted to a sample holder of 3He cryostat
(Oxford instruments) which has been used for almost all measurements reported in this
thesis.
The base temperature of 3He cryostat is 300mK. The working principle of 3He cryo-
stat is based on the 3He condensation from the gas phase to the liquid phase. To
condensate the 3He, first, all of the gas is released from the cryostat by warming up the
sorption pump to around 40K. The 3He gas is stored in a dump volume while filling
the 1-K pot with liquid 4He. After that the 1-K pot is pumped until its temperature
reaches a value at around 1.2K. At lowest temperature of 1-K pot the sorption pump
starts cooling down via circulating liquid 4He from its surrounding. While the sorption
pump is cooled down the 3He gas starts to condensate in the sample chamber. When
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Figure 3.13: Resistance plotted against Nb electrode distance, the measurement was
performed at room temperature dc probe station via two terminal config-
uration. For low temperature measurements the devices were chosen ac-
cording to their resistance and electrode spacing, cyan square area shows
the devices that can be measured at low temperature.
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9.0mm
Figure 3.14: Two representative samples which are bonded to chip carriers for the low
temperature transport measurements.
the sorption pump temperature reaches 4K, the 3He gas completely is condensed into
a liquid phase. The sample is in the liquid phase of the 3He with a base temperature
of 300mK. In order to keep the base temperature for a longer time, the lower metal
part of the sample holder was replaced by a plastic one which avoid the heat exchange
from the rest of the holder. This modification allowed us to keep the temperature at
around 400mK for approximately two days.
Supercurrent measurements
One of the objective of this thesis is to measure supercurrent through semiconducting
nanowires. The supercurrent measurement is not straightforward, especially, if the
device under test is highly resistive. In such devices the Josephson current is in the
order of nano-Amps which can be easily damped by external noise. The source of
external noise usually can not be easily figured out and sometimes it is challenge to
avoid. However, with some modifications in the measurement setup possible noise
sources can be reduced. For instance, in our measurement setup all the mechanical
pumps, which are connected to the cryostat, are electrically isolated via plastic vacuum
clamps. In order to avoid any grounding loop, the external cables and electronics
as well as the cryostat are grounded to a common ground. A low-noise home made
electronic device, which is used for the voltage - current converter with an integrated
signal amplifier, is kept as close as possible to the cryostat. This avoids the microphony
effect from the connection wires. The wiring of the measurement electronics has been
done via special low-noise and BNC cables. It should be noted that the sample matrix
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box is in direct connection on top of the sample holder without any additional cabling.
All these precautions, however, were not sufficient to clearly resolve the supercurrent
through the nanowire. The crucial step to measure a small supercurrent, besides of the
external noise reduction steps, is to use low pass RC-filters. Each line in the cryostat
is filtered via these low pass filters. The filters consist of two surface mounted device
(SMD) resistors with each having a resistance of R = 1 kΩ and one SMD capacitor
with C ∼ 600 nF. At room temperature the capacitance of the capacitor is C = 1µF,
at T ≈2K it reduces to C ≈ 600 nF, while the resistance values remain the same at
low temperature. The cut-off frequency of the RC-filters fc = 1/(2piRC) is around
fc ≈ 250Hz.
The supercurrent was measured successfully after optimizing the measurement setup
as discussed above. In this thesis the supercurrent is measured as a function of tem-
perature as well as external magnetic field.
Differential resistance measurements
The differential resistance dV/dR is measured by a standard lock-in technique. The ac
signal from the lock-in amplifier is superimposed on a dc bias signal. The change of
the signal phase with the corresponding bias ac signal phase is detected by the lock-in
amplifier. The cosine function of the phase difference in the output signal of the lock-in
amplifier is read as the differential resistance. In order to get a noise free signal the
time constant of the lock-in amplifier was kept as 1 s while the integration time was
1.2 s. In this thesis the differential measurements have been carried out as a function
of both temperature and magnetic field.
All measurements have been performed by using a National Instruments LabViewTM
software.
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4 Phase Coherent Transport In
Semiconducting Nanowires
This chapter is dedicated to introduce the diffusive electron transport in semiconducting
nanowires. For theoretical background see Chap. 2. In this chapter the experimental
results of two different nanowires are presented. In the first part the experimental
results of InAs nanowires including semiconducting transport properties as well as the
universal conductance fluctuations (UCFs) will be given. In the second part of this
chapter, which is based on Ref. [119], the basic transport properties of InSb nanowires
and their phase coherent transport properties will be discussed.
4.1 Transport properties of InAs nanowires
In this section we discuss the transport properties of InAs nanowires which were grown
on (100) GaAs substrate. The detailed information about these nanowires can be found
in Chap. 3 as well as in Ref. [110].
4.1.1 Room temperature transport properties
For electrical transport measurements a large number of nanowires were contacted
either in four- or two-terminal configuration. For contact processing, InAs nanowires
from the as-grown substrate were transferred onto n-type Si substrate covered by a
100 nm thick SiO2 layer with predefined alignment markers. After standard electron
beam lithography a 10 nm/180 nm Ti/Au layer has been evaporated. In order to obtain
a low contact resistance the native oxide on the surface of nanowires were removed by
Ar+ sputtering just before metal deposition. The process was finished with metal
lift-off. A typical four-terminal contacted nanowire is shown in Fig. 4.1(a).
The transport measurements have been performed with two- and four-terminal con-
figuration at room temperature via semiconductor parameter analyzer. In four terminal
configuration the contact resistances were found to be negligible in comparison to the
resistance of the nanowires. In Fig. 4.1(c), resistivities of surface and edge grown
nanowires have been extracted from linear fits of two terminal current - voltage mea-
surements, ρ = Rpid2/4l, where R is resistance, l is the length of the nanowires, and
the results are plotted as a function of diameter d. In these measurements we have a
observed relatively large spread of the resistivity values which arise from different crys-
tal structures of each individual wire. Indeed, from transmission electron microscopy
analysis (Fig. 3.1(c)) we have observed a large number of zinc blende and wurtzite
stacking faults in the nanowires. It is known that the band gap of these two crystal
structures is different, thus the band profile is varying along the wire as schematically
illustrated in Fig. 4.1(b) [109]. The variation in the conduction band profile for each
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Figure 4.1: a) A representative scanning electron micrograph of a four-terminal Ti/Au
contacted nanowire. b) The variation of the potential profile due to the
stacking of wurtzite (WZ) and zinc blende (ZB) segments in the nanowire,
adapted from [109]. c) The resistivity in logarithmic scale as a function of
diameter of the surface and edge grown nanowires. The measurements were
performed via two-terminal configuration at room temperature [110].
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individual wire leads to a different scattering potential for the conduction electrons
and finally to a different resistivity of each nanowire. One of the prominent features
found in nanowires with a smaller diameter is that the resistivity abruptly increases at
around d ∼ 40 nm. A similar behavior was observed by Scheffler et al. [120], where this
increase was attributed to the quantum confinement of carriers due to the large Bohr
radius of InAs, rB ∼ 40 nm, in comparison to the nanowire diameter. Additionally, the
increasing contribution of the surface scattering for smaller nanowire diameters might
also result in a larger resistivity.
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Figure 4.2: Room temperature field-effect transistor characteristics for different source
- drain bias voltages. The measurements were performed for a) edge grown
nanowires and b) surface grown nanowires [110].
Representative field-effect transistor (FET) transfer characteristics of edge and sur-
face grown nanowires are shown in Fig. 4.2(a) and (b) respectively. In these measure-
ments source and drain electrodes were biased with a constant voltage, while the highly
doped Si back gate, isolated with 100 nm SiO2, was swept from positive to negative volt-
age. The edge grown nanowire (Fig. 4.2(a)) has a diameter d ∼30 nm and source - drain
contact distance l ∼175 nm, while for surface grown nanowires (Fig. 4.2(b)) d ∼125 nm
and l ∼100 nm. In order to avoid any damage on the nanowire due to the Joule heat-
ing, a low bias has been used for the edge grown nanowires. It can be seen that both
nanowires are pinched - off at negative gate voltages while the drain current saturates
at positive gate voltages which indicates that our nanowires have n-type conduction.
From these measurement results we have extracted the threshold voltages by extrapo-
lating the linear region of the curves. The threshold voltage has been used to calculate
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the carrier concentration of the nanowires, n3d = C|Vth|/[elpi(d/2)2], where C is the
gate capacitance, which has been calculated according to Ref.[121]. The results are
plotted as a function of diameter in Fig. 4.3(a).
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Figure 4.3: a) Carrier concentration n3d in logarithmic scale vs. nanowire diameter for
surface and edge grown nanowires. b) Field effect-mobility µFE in loga-
rithmic scale vs. nanowire diameter for surface and edge grown nanowires.
The rapid decrease of field-effect mobility is observed for a smaller diameter
range. The values n3d and µFE were extracted from room temperature field
effect transistor characteristics [110].
Although no pronounced difference is observed between both kinds of nanowires, gen-
erally a slight increase of n3d is found for decreasing diameters. A possible explanation
of this behavior is the contribution of a surface accumulation layer, which is enhanced
for smaller nanowire diameters [122, 120]. The increase of n3d with decreasing diameter
rules out that donor deactivation is responsible for the increase of ρ, since in that case
n3d should decrease with decreasing d. In Fig. 4.3(b), the field-effect mobility µFE of
edge- and surface- grown nanowires is shown as a function of the nanowire diameter.
The field-effect mobility is calculated from µFE = gml2/(CVSD), where gm = ∆ID/∆Vg
is the maximum transconductance. For d > 80 nm µFE is basically constant at about
1000 cm2/Vs while for smaller diameters below 40 nm µFE significantly decreases. The
mobility values found here for larger diameters are comparable or slightly smaller than
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the values reported in other experimental studies on InAs nanowires [122, 120, 123].
The relatively small values of the mobility have been attributed to the large number of
stacking faults in the nanowire, while the pronounced decrease observed for diameters
smaller than 40 nm can possibly be explained by the increasing contribution of the
surface scattering [109, 122, 124].
4.1.2 Universal conductance fluctuations in InAs nanowires
In this part, we introduce the magnetotransport measurement results of a surface grown
undoped InAs nanowire. Scanning electron micrograph of the measured sample is
shown in the inset Fig. 4.4(b). The nanowire is contacted by four Ti/Au electrodes
with layer thickness of 10 nm/180 nm. The measurements were performed using the in-
ner electrodes via standard lock-in technique. The inner electrode separation is about
L = 2.9µm, while the diameter of the nanowire is around d = 110nm. In Fig. 4.4(a)
the measurement results of universal conductance fluctuations (UCF) as a function of
magnetic field are shown for different temperatures ranging from 2.5K to 16K. Here,
the magnetic field is applied perpendicular to the nanowire axis. At low temperatures
the reproducible conductance fluctuations are symmetric in magnetic field axis. The
observed large number of conductance fluctuations indicate that the transport takes
place in a diffusive regime for which the electron mean free path is much smaller than
the nanowire length lel  L. Moreover, a fast decrease of the conductance fluctuation
amplitude is observed with increasing temperature. The amplitude of the conductance
fluctuations is plotted as a function of temperature in a double logarithmic scale, as
shown in Fig. 4.4(b). Here, the amplitude of conductance fluctuations rms(δG) is cal-
culated according to Eq. (2.37) by subtracting the slowly varying background signal.
The value of rms(δG) has been found to be almost two times larger at the lowest tem-
perature T = 2.5K than at T = 16K. In addition, we have not observed the saturation
of the rms(δG) at lowest temperatures which suggests that the phase coherence length
is smaller than the nanowire length lφ < L. For similar InAs nanowires the phase
coherence length has been found to be around 300nm for which the rms(δG) saturates
at around 1K [125, 126].
4.2 Transport properties of InSb nanowires
In this section we discuss the semiconducting transport properties as well as phase
coherent transport in InSb nanowires. The experimental results, which are presented
in the following, were published in Ref. [119].
4.2.1 Electrical characterizations
The InSb nanowires were grown by a catalytic chemical vapor deposition method. Un-
like the crystal structure of InAs nanowires which has been discussed in the previous
section, the InSb nanowires have a single crystalline zinc blende structure with the sto-
ichiometry of 1:1. The details about growth and structural analysis of the nanowires
are given in Ref. [113].
A contacting process similar to the one used for the InAs nanowires has been applied to
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Figure 4.4: a) Universal conductance fluctuations of a surface grown undoped InAs
nanowire for different temperatures. b) The conductance fluctuation am-
plitude rms(δG) as a function of temperature in a double logarithmic scale,
inset: scanning electron micrograph of the measured sample (YG05-A1-4).
the InSb nanowires. In order to investigate the intrinsic electron transport properties
of the nanowires, each InSb nanowire has been contacted by a four-terminal configura-
tion. A typical scanning electron micrograph of a contacted nanowire with a diameter
d ∼28 nm is shown in Fig. 4.6 (inset). For field-effect transistor measurements a highly
doped Si substrate, isolated by a 100 nm SiO2 layer, has been used as a global back
gate. The low temperature measurements were performed in a He-4 flow cryostat with
a temperature range from 4.2K to 300K and in a He-3 cryostat with temperature range
from 0.3K to 25K.
In Fig. 4.5 the normalized conductance g = L/R of InSb nanowires is plotted as
a function of diameter d. Here R is the nanowire resistance and L is the electrode
separation. As indicated by the solid green line the conductance deviates from linearity
for larger diameters. In order to find out whether the conduction of the nanowire is
dominated by surface or bulk contribution the measurement result is plotted in a double
logarithmic scale in the inset of Fig. 4.5. Here, a linear increase of the conductance has
been found. The relation between the conductance and the diameter of the nanowire
can be expressed by g ∝ dβ, with β ≈ 2.1 in the present case. For three dimensional
conductors β = 2 is expected, which is close to the value found for our InSb nanowires.
Since for the pure surface conductance β = 1, it can be already concluded that for
the InSb nanowires used in this work there is no major surface contribution to the
transport, i.e., the three dimensional bulk conductance is mainly responsible for the
electron transport in the nanowires. The average resistivity of the nanowires has been
found to be (0.010± 0.005)Ωcm.
The field-effect transfer characteristics of InSb nanowires were characterized by sweep-
ing the source-drain voltage for different constant back gate voltages at room temper-
ature as well as by sweeping gate voltage for a constant source - drain bias at different
temperatures. In the following representative results of a single nanowire with diameter
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Figure 4.5: Normalized conductance g vs. the diameter d at room temperature, de-
termined from four-terminal measurements. The solid line shows a fit to
g ∝ dβ, with β = 2.1. The inset shows the same data points in a double log-
arithmic scale together with a power law fit for g ∝ dβ, giving an exponent
β = 2.1 [119].
d ∼24 nm and electrode spacing L ∼260 nm will be presented. In Fig. 4.6 the drain
current is plotted against source - drain bias (Id − Vsd) for gate voltages Vg ranging
from −40V to +40V in steps of 20V. The current-voltage characteristic exhibits a
linear behavior which is an indication of low resistive Ohmic contacts. The drain cur-
rent reduces for a negative gate voltages while it increases for positive voltages, which
shows that the nanowires have an n−type conductance. Due to the large charge car-
rier concentration which forms a degenerate electron gas and electronic states at the
nanowire/dielectric interface [127] a complete suppression of the drain current was not
reached for the maximum available gate voltage (Vg = ∓40V). In the inset of Fig. 4.6
the gate voltage was swept while measuring the drain current for a constant source -
drain bias and for different temperatures. Here, a small bias voltage Vsd = 20mV is ap-
plied, in order to prevent any damage on the nanowire due to the Joule heating. Since
the pinch-off region was not reached, the threshold voltage Vth is extracted by interpo-
lating the linear region of the curves to the Vg axis. For this particular nanowire the
threshold voltage has been found as Vg = (55± 5)V. The previous measurements [113]
on the same growth run the electron concentration has been found as 1.6× 1018 cm−3
which is an order of magnitude larger than the limit (≈ 1017 cm−3) for the formation
of degenerate electron system in InSb. Moreover, as shown in the inset figure, the
threshold voltage does not change with temperature which gives further evidence for
the existance of a degenerate electron gas in the InSb nanowire.
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Figure 4.6: Output characteristics (Id − Vsd) of a single InSb nanowire taken at room
temperature. The gate voltage was varied between −40 to +40V in steps
of 20V. The distance between two inner contact fingers is 260 nm and the
diameter is 24 nm. The lower inset shows the corresponding drain current Id
vs. gate voltage Vg at 300K, 100K, and 58K. The source-drain bias voltage
Vsd was 20mV. The upper inset shows a scanning electron microscope image
of a representative back-gated InSb nanowire [119].
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Figure 4.7: Temperature dependence of the conductance G. At high temperatures, G
decreases with T−0.4 [119].
In Fig. 4.7 the conductance of the same nanowire is plotted as a function of temper-
ature. The conductance increases with temperature up to 200K, which indicates the
semiconductor-like behavior. At larger temperatures the conductance decreases with
T−0.4 due to the electron-phonon scattering. As can be seen in the conductance scale,
in the whole temperature range the variation of G is very small which is expected for a
degenerate electron gas. It should be noted that due to the weak conductance change
in the entire temperature range, the mobility of the InSb nanowire is expected to follow
the conductance.
4.2.2 Universal conductance fluctuations in InSb nanowires
Semiconductor nanowires have been taking increasing attention, in particular, due to
its bottom up growth technology. There has been a lot of afford on the III-V family to
understand their phase coherent transport mechanism [128, 125, 129, 130, 131, 132]. Al-
though the phase coherent mesoscopic transport has been studied in InAs [125, 132] and
InN [129, 131] semiconducting nanowires, the mechanism still needs to be determined
for InSb nanowires. In this part, the mesoscopic universal conductance fluctuations
will be introduced.
In Fig. 4.8 the conductance fluctuations are shown as a function of both gate voltage
Vg and magnetic field B in a temperature range from 0.5K to 20K. Here, representa-
tive measurements of the sample which has been discussed in the previous sections will
be presented. In order to reduce the noise contribution, the measurements were per-
formed via standard lock-in technique with a 50 nA excitation current. In Fig. 4.8(a)
the conductance in units of (e2/h) is plotted as a function of Vg ranging between ±10V.
Pronounced and reproducible conductance fluctuations were observed up to a temper-
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ature T ∼ 2.6K. At larger temperatures, however, the conductance fluctuations were
suppressed due to thermal averaging. The measured conductance fluctuations are at-
tributed to universal conductance fluctuations, cf. Sec. 2.4.1. Ideally phase-coherent
transport is maintained if the phase coherence length is larger than the sample length
lφ  L. For the opposite case lφ  L, the amplitude of the conductance fluctua-
tions are reduced due to ensemble averaging. Similarly, as it is the case in the present
measurements, lφ is reduced by increasing the temperature thus the sample length L
effectively exceeds lφ, i.e., thermal averaging effect. Under these conditions the conduc-
tance fluctuations are given by α e2/h, where the prefactor α is in the order of unity
for lφ  L and smaller if lφ  L, e.g., for InAs nanowires α = 0.3 was found [125].
In Fig. 4.8(a) the interference effect is observed by changing the Fermi wave length
thus the phase of the conduction electron’s wave functions. Alternatively, the phase
of the wave functions can be modified by applying a magnetic field B. This has been
demonstrated on the same sample by applying a magnetic field oriented perpendicular
to the nanowire axis. However, since the number of conductance fluctuations is small,
it does not allow us to make a reliable statistical analysis.
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A more detailed analysis of the conductance fluctuations as a function of gate voltage
is shown in Fig. 4.9. Here the root-mean-square of the conductance fluctuation ampli-
tude, defined as rms(G) =
√
var(G) over Vg, cf. Eq. (2.37), is plotted as a function of
temperature. The variance of G is defined by var(G) = 〈δG2〉Vg , where 〈...〉Vg is the av-
erage of the conductance over the gate voltage Vg. A prominent feature in the figure is
that there are two distinct regimes. For low temperatures T ≤ 1.9 K, rms(G) is almost
constant with a value of 0.11e2/h, while for higher temperatures T > 1.9K rms(G)
is reduced. The constant behavior of the conductance fluctuations in the low temper-
atures is due to the fact that the phase coherence length is larger than the contact
separation length which is L = 260nm, i.e., at this temperature range the phase coher-
ence length lφ is larger than 260 nm. For T > 1.9K the rms(G) decreases proportional
to T−1.05. For a system in which the dephasing arises from electron-electron scattering
the decrease of the conductance fluctuation amplitude is predicted to be proportional
to T−1/2 [89]. The rapid decrease of the conductance fluctuation amplitude has been
assigned to the additional contribution of thermal averaging [133]. Indeed, at T = 1.9K
the thermal length LT =
√
~D/kBT , with the diffusion constant D = 3× 10−3 m2/s, is
estimated to be about 110 nm which is in the order of sample length L [113]. Thus, for
the length scale LT ≈ L, a strong contribution of thermal averaging on the conductance
fluctuation amplitude is evident.
Figure 4.9: Root-mean-square (rms) of the gate-dependent conductance fluctuations
as a function of temperature. At T > 1.9 K, the fluctuation amplitude
decreases as T−1.05. The inset shows the phase coherence length lφ as a
function of temperature [119].
In Fig. 4.9 (inset) the phase coherence length lφ has been determined from the cor-
relation voltage Vc which is defined by Eq. (2.44). Here the autocorrelation function is
given by FVg(∆Vg) = 〈δG(Vg + ∆Vg)δG(Vg)〉Vg [133]. The correlation voltage depen-
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dent phase coherence length is defined by lφ = γV −1/2c , where dimensionless parameter
γ depends on the diffusion constant D and electron concentration [129]. As shown in
the figure, the phase coherence length lφ in the low temperature regime T ∼ 1.9K is
around 100 nm. It should be noted that since the estimated phase coherence length is
obtained from the diffusion constant given above, the value is not precise, nevertheless
it is expected to be in the same order of magnitude.
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Nb/InAs-Nanowire/Nb Josephson
Junctions
In this chapter we introduced the transport properties of Nb/InAs-Nanowire/Nb (SNS)
Josephson junctions. Some of the results of this chapter have been published in
Ref. [134].
The chapter consists of five main parts. In the first part, we will describe the transport
regime where the Josephson junctions are in the zero voltage state. In this part we
will elucidate the effect of temperature and externally applied magnetic field on the
supercurrent. Moreover, we will show an alternative way to deal with the magnitude
of the supercurrent by controllably doping InAs nanowires. In the second part, within
zero voltage transport regime, the attention will be devoted to the gate controllable
supercurrent in which full control of the supercurrent was achieved. In the following
section, the mesoscopic transport in the Josephson junction will be studied. The effect
of conductance and supercurrent fluctuation as well as their correlation, which can be
understood as the correlation of the zero voltage state and voltage state of the Joseph-
son junction, has been studied and results were compared to the theoretical models. In
the fourth part, as an important consequence of the proximity induced superconduc-
tivity, the subharmonic gap structures due to multiple Andreev reflection as well as the
properties of the NS interface will be discussed. In the last section, a novel interference
effect in nanowire-based SNS type Josephson junctions will be introduced.
5.1 Supercurrent in Nb/InAs-nanowire/Nb Josephson
junctions
Current-voltage (IV )-characteristic of SNS type Josephson junction is one of the most
important ways to check whether superconducting proximity effect exists in the N part
of the junction. In this section we will discuss typical IV−characteristics of Nb/InAs-
nanowire/Nb Josephson junctions, for all the junction parameters see Tab. 5.1. The
Josephson junctions are based on InAs nanowires with two different doping configu-
rations, i.e., doping factor 100 (low doped) and 500 (highly doped). The details of
the Si doping has been discussed in Chap. 3 and also in Ref. [109]. In Fig. 5.1(a)-
(c) the IV -characteristics of three Josephson junctions with doping factor 500 and in
Fig. 5.1(d) (inset: the corresponding SEM image of the device) with doping factor 100
is shown. For all measurements a current bias were used while the voltage was recorded.
Details on the measurement set-up can be found in Chap.3. For all samples a clear
and pronounced supercurrent has been observed. As we will discuss more detail in the
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following, we have measured the junction critical current around 100 nA and 10 nA for
the nanowires with doping factor 500 and 100, respectively. Here the critical current1
Ic has been defined when the junction switched from the superconducting state (or zero
voltage state) to the normal state (or voltage state) while the return (or re-trapping)
current Ir has been defined at which the junction switched from the normal state to
the superconducting state, cf. Fig. 5.1(a). Both Ic and Ir values as well as some other
basic parameters of the junctions are summarized in Tab. 5.1.
Parameters YG07-C3-4 YG10-B2-3 YG12-A3-4 YG10-B2-4 YG12-A3-5
Doping-Factor 500 500 100 500 100
L (nm) 155 150 95 150 70
d (nm) 100 110 75 140 80
Ic (nA) 72 104 12.8 120 2.8
Ir (nA) 64 88 9.6 102 2.55
RN (kΩ) 0.9 0.8 2.47 0.5 4
IcRN (µV) 64.8 83.2 31.16 60 11.2
Eth (meV) 0.47 0.5 0.3 0.5 0.46
ξN (nm) 100 100 50 100 50
lel (nm) 15 15 10 15 10
n3D (cm−3) 1019 1019 1018 1019 1018
D (cm2/s) 170 170 35 170 35
P (nW/µm3) 1.41 2.99 56.1 1.6 0.12
Table 5.1: Sample parameters: The Si doping-factor of the InAs nanowires; 500 (highly
doped) and 100 (low doped), see Chap. 3 and Ref. [109] for the Si doping,
length (L), and diameter (d) of samples were taken from scanning electron
microscopy images, switching current (Ic) and return current (Ir) values
were extracted from current voltage characteristics, normal state resistance
(RN ) of the samples were determined from differential resistance measure-
ments at voltages V > 2∆/e, diffusion constant (D), electron mean free path
(lel), approximate carrier concentration (n3D) was determined from field ef-
fect characteristics and Thouless energy (Eth) calculated from normal state
transport measurements, power density (P ) calculated just above Ic.
1The switching current Isw is strongly affected by the external on-chip RC circuit integrated with the
Josephson junction [135, 136, 137] and depends on the quality factor Q of the devices. Following
the approach given in Refs. [135, 137] we have estimated the quality factor Q of the highly doped
samples (doping factor 500), taking into account the electromagnetic environment. Estimations
show that Q<1, thus, the junctions are in the overdamped limit and the measurable supercurrent
approaches the thermodynamic critical current Ic.
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Figure 5.1: Typical current-voltage characteristics of measured junctions at zero mag-
netic field. a) sample: YG07-C3-4, doping factor 500, measurement
temperature: T = 0.5K, b) sample: YG10-B2-3, doping factor 500, mea-
surement temperature: T = 0.3K, c) sample: YG10-B2-4, doping factor
500, measurement temperature: T = 0.29K, d) sample: YG12-A3-4, dop-
ing factor 100, measurement temperature: T = 0.4K, inset: corresponding
scanning electron micrograph image, scale bar: 100 nm.
The magnitude of the Ic value differs depending on the device parameters such as
normal state resistance RN and contact transparency2. Although in Fig. 5.1(a)-(c)
the Ic values are similar for doping factor 500 (cf. Tab. 5.1), for low doped samples
(cf. Fig. 5.1(d) and sample YG12-A3-5 in Tab. 5.1) it is substantially lower. This is
due to the fact that the charge carrier concentration of these samples is much lower
than that of the others and that indeed leads to a higher RN value, as indicated in
Tab. 5.1. To get more insight into the behavior of Ic - RN , in Fig. 5.2(a) Ic value
is plotted as a function of RN for measured low and highly doped nanowire devices.
As indicated in the figure, the upper three points are belong to the junctions with
doping factor 500 and the lower three points are belong to the junctions with doping
factor 100. It can be clearly seen that the Ic value is reduced considerably when the
junction resistance is increased (or the doping factor is reduced). The performance of
the Josephson junctions is characterized by the magnitude of the IcRN product which
is known as figure of merit of the Josephson junctions. The IcRN product of low and
2For contact transparency of the junctions see Sec. 5.4
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highly doped samples are summarized in Tab. 5.1. The largest IcRN product has been
found as 83.2µV for a highly doped sample (YG10-B2-3) while for the other highly
doped samples it is around 60µV. For low doped samples, however, the IcRN product
has been found as 31.16µV and 11.2µV for the junctions YG12-A3-4 and YG12-A3-5
respectively. Since the IcRN product provides information about the superconducting
coupling strength [27], the lower IcRN product of the low doped junctions, particularly
for the sample YG12-A3-5, is attributed to the lower NS interface transparency thus
smaller Ic value. For detailed discussion on interface transparency see Sec. 5.4.
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Figure 5.2: a) The magnitude of hysteresis Ic/Ir against electrical power density P ,
b) critical current values Ic as a function of normal state resistance RN of
measured nanowires at bias voltages V>2∆/e.
A common feature in our junctions is the small hysteresis. In S/Insulator/S (SIS)
type Josephson junctions the hysteresis is very well explained by the RCSJ model [60]
in which the capacitance of the junction plays an important role. In our junctions,
however, the capacitance is negligibly small (the dielectric constant of InAs is 14.6)
which doesn’t have a large effect on the junction transport. Therefore, the RCSJ
model can not be applied. Instead, recently Courtois et al. [5] experimentally showed
that for proximity induced SNS junctions the hot carrier injection mainly causes the
hysteresis. The hot carriers can be injected when the junction bias ramp down. There,
it has been concluded that the electrical power density, P = I2R/Γ of hot carriers
are in the order of nW/µm3. Here, I is the bias current value just above Ic, R is the
corresponding resistance and Γ is volume of the “N” metal in between superconducting
electrodes. Therefore, the power density just above Ic must be below that value given
above, in order to obtain non-hysteretic Josephson junction. In Fig. 5.2(a), the Ic/Ir
ratio, namely the magnitude of hysteresis, is plotted against the power density. In the
low power density regime an abrupt increase of the hysteresis is observed, while in the
high power density regime it is likely to be saturate. Since, for some applications, such
as superconducting quantum interference devices (SQUIDs) it is important to have
a non-hysteretic IV− characteristic, a theoretical model can be helpful to find out
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a correlation between power density and hysteresis in SNS type Josephson junctions.
Details on the effect of the hysteresis on the SQUID performance will be discussed
Chap. 8.
5.1.1 Effect of temperature on the supercurrent
In Fig. 5.3(a) the IV -characteristics at various temperatures between 0.4 and 4.8K are
shown for a sample with a highly doped nanowire3 (sample YG10-B2-3). At temper-
atures T ≤ 4K and small bias, a clear supercurrent is observed in the junction. As
the bias current exceeds a certain value Ic, the junction switches from the supercon-
ducting state to the normal state. The critical current Ic measured at 0.4K for the
sample YG10-B2-3 is 104 nA, cf. Tab. 5.1. With increasing temperature, Ic is reduced.
At T > 4.8K the supercurrent is suppressed completely. A small hysteresis has been
observed at temperatures below 2K. With increasing temperature, the hysteresis is
gradually suppressed. The retrapping current Ir, defined by the switching from the
normal state back into the superconducting state, has a value of 88 nA at 0.4K and
remains almost constant when the temperature is increased to 2K. A very similar be-
havior has also been observed for another sample with a highly doped nanowire (sample
YG10-B2-4), cf. Fig. 5.3(b). At low temperatures, the measured critical current and the
retrapping current for this junction is about 120 nA and 102 nA, respectively. Similar
to the previous sample, the complete suppression of the supercurrent for this junction
has been observed also at T > 4.8K. Note that the complete suppression of the super-
current at temperatures lower than the critical temperature of the superconducting Nb
Tc ∼ 7.2K suggests that our junctions are in the long and diffusive transport regime,
see also energy and length scale parameters in Tab. 5.1.
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Figure 5.3: Temperature dependent current-voltage characteristics of the junctions with
a highly doped nanowire (doping factor 500): The measurements performed
for two different junctions, a) Sample YG10-B2-3, and b) Sample YG10-
B2-4.
3Due to the small critical current of the samples with a low doped nanowires, cf. Tab. 5.1, we didn’t
perform their temperature dependent current-voltage characteristics.
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5.1.2 Effect of the magnetic field on the supercurrent
The theoretical background of the supercurrent behavior in the presence of the magnetic
field has been introduced in Chap. 2, where the special attention has been devoted to
the absence of Fraunhofer patterns in the narrow junction model. Based on this model,
in the following, we will discuss our experimental results.
Due to the low transverse dimension, nanowires are very well suited for the experimental
demonstration of the narrow junction model [22, 23]. A further advantage can be
gained by using superconducting Nb electrodes owing to the high critical magnetic
field, Bc ∼ 3− 5T [116]. Here, we have used InAs nanowire as a weak link with doping
factor 500 (sample YG07-C3-4 in Fig. 5.4(a),(b)) and doping factor 100 (sample YG12-
A3-4 in Fig. 5.4(c),(d)). Fig. 5.4(a) shows the voltage drop in color scale as a function
of bias current and magnetic field for the sample YG07-C3-4 at a temperature 0.3K.
The measurement has been performed by applying a current and measuring the voltage
at each constant magnetic field value. The extracted Ic values normalized to the zero
field critical current Ic0 are plotted in Fig. 5.4(b) (red squares). Here, a monotonous
decay of the Josephson current has been observed up to ∼ 0.2T while at B ≥ 0.2T
a complete suppression of the Josephson current has been found. As can be seen in
Fig. 5.4(a) and (b), there is no indication of a Fraunhofer diffraction pattern as the
magnetic field is varied. For convenience the calculated Fraunhofer diffraction pattern
with the corresponding junction dimensions is also shown in Fig. 5.4(b), the upper
x-axis shows flux quantum unit. A complete suppression of the Josephson current is
observed at values larger than one flux quantum. This has been already predicted by
Cuevas and Bergeret [22].
For this sample the characteristic magnetic field B0 defined by a flux quantum through
the cross-section of the nanowire B0 = φ0/LW is as large as 0.13T and that corresponds
to a magnetic length ξB ∼ 126 nm. The obtained value of ξB is comparable to the
width of the junction, W = 100nm thus the narrow junction model can be applied.
The calculated curve is shown in Fig. 5.4(b) (solid brown line). To fit the experimental
values (cf. Eq. 2.24) the Thouless energy ETh = ~ D/L2 has been used as the only
fitting parameter. Here, D is diffusion constant. As can be seen in Fig. 5.4(b), a good
agrement is found between theory and experiment. The best fit has been achieved for
EfitTh = 0.2meV. This value is smaller than ETh = 0.47meV, determined from transport
measurement in the normal state, cf. Tab. 5.1. It should be noted that in the narrow
junction model perfect interface transparencies are assumed. Therefore, the lower value
of EfitTh is attributed to the presence of interface barriers in the junction, see Sec. 5.4
for the interface transparency of the junctions.
Similar measurements have been performed for a low doped sample YG12-A3-4. In
Fig. 5.4(c) the current voltage characteristics of junction is depicted for a few constant
magnetic field. In Fig. 5.4(d) the normalized critical current with zero field critical
current Ic/Ic0 as a function of magnetic field is shown. Similar to the previous highly
doped sample a monotonous dependence of the Josephson current has been observed.
In order to show the absence of the Fraunhofer pattern the corresponding theoretical
curve is also shown in Fig.5.4(d) (solid red curve). Due to smaller area of this sample
the Josephson current is suppressed at B & 0.45T. Here, the characteristic magnetic
field has been found as B0 = 0.29T and the corresponding magnetic length ξB = 85nm.
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Similar to the sample YG07-C3-4, the magnetic length for this sample is in the order
of the nanowire diameter W = 75nm. The theoretical curve corresponding to the
narrow junction model is represented by solid blue line in the figure. The best fit has
been obtained for EfitTh = 0.05meV, while ETh = 0.3meV has been extracted from the
normal state transport measurements, cf. Tab. 5.1. The discrepancy between Thouless
energies, besides non-ideal NS interface transparency, is possibly due to the premature
switching of the Josephson current which means that the actual critical current of the
junction is larger than the measured one.
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Figure 5.4: a) Color plot in voltage scale against bias current and external magnetic
field of a highly doped sample (YG07-C3-4), for T = 0.3K, b) zero field nor-
malized critical current vs magnetic field,  measured results, solid line (or-
ange) shows theoretically calculated curve from the narrow junction model
[23], solid line (brown) calculated standard Fraunhofer model for the sample
YG07-C3-4, c) measured current voltage characteristic of a low doped sam-
ple (YG12-A3-4) for different magnetic fields at a temperature T = 0.7K, d)
similar measurement and calculations as shown in (b) has been performed
for the sample YG12-A3-4.
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5.2 Gate controllable supercurrent
Semiconductors have unique advantage due to the tunability of the Fermi energy level
and thus the charge carrier concentration in the conduction band. Essentially, the ap-
plication of an electric field by means of a gate electrode can deplete or increase the
number of charge carriers in the transport channel of the semiconductor. This is the
basic working principle of field-effect transistors (FETs) which is being used in com-
mercial electronics as well as in many research areas. For details about semiconductor
based electronics we recommend the Refs. [138, 139].
In this section we will discuss the effect of electric field on the supercurrent in Nb/InAs-
nanowire/Nb junctions. Before diving into the low temperature experimental results,
the room temperature electrical characteristics of the nanowires will be briefly dis-
cussed.
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Figure 5.5: a) Two representative room temperature source voltage vs. drain current
characteristics of Nb contacted highly doped (orange) and low doped (vio-
let) nanowire, b) typical Nb contacted scanning electron microscopy image,
c) room temperature field effect characteristics of low doped nanowires, two
upper curves (orange and dark green) for nanowire doping factor ×100 and
lower curve (light green) for doping factor ×50, d) schematic of device with
gate electrode.
In Fig. 5.5(a) a representative drain-source voltage (Vds) vs. drain current (Id) char-
acteristics of two Nb contacted nanowire devices are shown. A typical scanning elec-
82
5.2 Gate controllable supercurrent
tron microscopy image of a device is shown in Fig. 5.5(b). The measurements shown in
Fig. 5.5(a) have been performed in a two-terminal configuration by applying a voltage
and measuring a current. It should be noted that in the two-terminal configuration
the total resistance includes the Nb lead resistance, which is about ∼ 300 Ω, and the
contact interface resistance. The measurements showed Ohmic behavior rather than
Schottky-type voltage - current characteristic which can be a crucial drawback for ob-
serving the supercurrent through nanowires. The measurements have been carried out
on two nanowire devices with doping factor 500 (orange) and 100 (violet). In these
measurements one can already see the effect of doping, i.e., the highly doped nanowire
(doping factor 500) has a low resistance about ∼ 650 Ω while the low doped nanowire
(doping factor 100), as expected, showed higher resistance of about ∼ 3 kΩ which is an
indication of a lower charge carrier concentration. For field-effect studies of Josephson
junctions the low doped nanowires were chosen. The schematic of the field-effect mea-
surement set up is shown in Fig. 5.5(d), where degenerately doped Si has been used
as a global back gate. In Fig. 5.5(c) the back gate characteristics of low doped devices
are depicted. Here, the characteristics of two different doping factors, namely doping
factor 100 (orange and dark green) and doping factor 50 (light green), are shown. As
can be seen in the figure for doping factor 100 there is slight change in the drain cur-
rent as the gate voltage varied up to -10V, for doping factor 50, however, the drain
current could be tuned by 50% as the gate voltage changed from 20V to -5V. For all
measurements 10mV constant source-drain voltage was applied. Although there was a
good gate control for doping factor 50 we were not able to observe supercurrent for this
type of nanowires. There might be several reasons, as we have shown in Fig. 5.2(b) the
measurable critical current strongly depends on the nanowire normal state resistance.
The nanowires with doping factor 50 showed a resistance of ∼ 5 kΩ at room tempera-
ture for Vg = 20V. It might be possible to observe supercurrent if either temperature
reduced below 300mK or filtering of the measurement set up is improved further.
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The low temperature current voltage characteristics of sample YG12-A3-4 as a func-
tion of back gate voltage at T = 0.5K is depicted in Fig. 5.6(a). At zero gate voltage
the switching current has been measured as Isw ∼ 2.8 nA, which is considerably smaller
than Ic of the junctions with highly doped (doping factor 500) nanowires, cf. Fig. 5.1.
This is due to the smaller electron concentration n3D and thus higher normal state
resistance RN of the low doped nanowires, cf. Tab. 5.1. The electron concentration of
the nanowires has been extracted from field effect measurements of a large number of
nanowires [109]. The resistivity of the low and highly doped nanowires has been found
as 0.019 Ωcm and 0.0018 Ωcm, respectively. As mentioned in Sec. 5.1 (cf. Fig. 5.2(b))
the small switching current is expected for such a high resistive nanowires. For zero
gate voltage, the junction resistance has been found as ∼ 4 kΩ at around Isw. For this
sample a small voltage drop has been observed at zero bias regime. Such voltage drop
can be seen in the junctions for which the Josephson coupling energy Ej = Ic~/2e [32]
is smaller than the thermal energy kBT . This is, indeed, the case for the present junc-
tion which cause to thermal smearing at around zero bias regime. Due to the n-type
character of InAs nanowire the full control of the switching current has been achieved.
As shown in the figure the switching current can be increased from 2.8 nA at zero gate
voltage to 5.8 nA by applying a gate voltage Vg = +15V as well as it is possible to
decrease and suppressed completely by applying negative gate voltages. For a gate
voltage Vg = −20V a complete suppression of the supercurrent has been observed, at
which the junction resistance has been extracted as R ∼ 7.2 kΩ.
Similar measurements have been carried out for sample YG12-A3-4 with the same
nanowire doping factor. The corresponding gate voltage dependent current voltage
characteristics, at T = 0.4K, are shown in Fig. 5.6(b). In contrast to the previous sam-
ple, larger switching current has been observed Isw ∼ 12nA at zero gate voltage. In
addition to the larger Isw, the effect of thermal smearing has not been observed at zero
bias regime. For this case, as expected, the Josephson coupling energy is larger than
the thermal energy, Ej > kBT . We were also able to tune (increase or decrease) the
supercurrent by applying positive or negative gate voltages as one can see in Fig. 5.6(b).
However, even at Vg = −31V a complete suppression of the supercurrent has not been
observed. It might be possible to completely suppress the supercurrent by applying a
larger negative gate voltage which was not possible for our voltage source electronic.
Alternatively, it can be possible to tune the supercurrent by a better capacitive coupling
of the nanowire and gate electrode or using top gate [74]. The detailed measurement
of the gate voltage dependent supercurrent is given in the next section where we will
discuss the correlation of the conductance and supercurrent.
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Figure 5.7: a) Differential resistance (dV/dI) plotted as a function of bias current and
gate voltage, b) Fluctuations of the conductance GS and the critical current
Ic as a function of gate voltage. The inset graph shows two subsequent
measurements of a normal contacted nanowire.
5.3 Conductance and supercurrent fluctuation correlation
In this section the mesoscopic transport properties of SNS Josephson junction will be
introduced with experimental observations.
The differential resistance dV/dI of sample YG12-A3-4 is plotted in color scale as a
function of bias current and back-gate voltage, cf. Fig. 5.7(a). The measurements were
taken at 0.4K. It can be seen that on average the supercurrent range (black region) is
reduced if a more negative gate voltage is applied. This is due to the corresponding
85
5 Gate Controllable Supercurrent in Nb/InAs-Nanowire/Nb Josephson Junctions
decrease of the electron concentration in the nanowire. Since the current was biased
from negative to positive values, the switching is nonsymmetric with respect to zero
current, with the transition at negative and positive bias currents corresponding to the
return current Ir and the critical current Ic, respectively. A closer look on Fig. 5.7(a)
reveals that Ic fluctuates as a function of back-gate voltage. The corresponding values of
Ic are plotted in Fig. 5.7(b). The average amplitude of the critical current fluctuations,
i.e. the root-mean-square (rms) of fluctuations over the applied gate voltage range, is
found to be rms(δIc) ≈ 0.9 nA. The critical current fluctuations δIc were calculated by
subtracting a linearly increasing background current.
Mesoscopic fluctuations of the critical current have been theoretically studied mainly
in two different regimes. For the short junction limit (L ξ0, where ξ0 is the coherence
length) it is found that the fluctuations are universal and that the fluctuation amplitude
depends only on the superconducting gap, ∆: δIc ∼ e∆/~ [140, 141, 142]. The limit
of long Josephson junctions, where the Thouless energy ETh is much smaller than the
superconducting gap in the leads has been investigated by Alt’shuler and Spivak [143].
In this model the energy scale for mesoscopic fluctuations in the critical current, Ic, is
set by the Thouless energy. Since in our case ETh  ∆, we compared the experimental
values of rms(δIc) within the model of Alt’shuler and Spivak which is appropriate
for this particular regime [143]. Within this model the amplitude of supercurrent
fluctuations at T = 0K is given by rms(δIc) = 0.60 eETh/~. By taking a Thouless
energy 0.05meV, as was estimated from the magnetic field dependence of Ic for the
sample YG12-A3-4 (see Fig. 5.6(b)), one obtains an expected fluctuation amplitude
of rms(δIc) ≈ 7.3 nA. In a more recent model of Houzet and Skvortsov [144], the
proximity effect and the resulting formation of a minigap in the normal conductor is
included in the analysis of the critical current fluctuations. For the long junction limit
they obtained rms(δIc) = 1.49 EThe/~. According to this model even higher fluctuation
amplitude of approximately 18 nA is expected. For both models the calculated values
of rms(δIc) are considerably larger than the corresponding experimental value. The
most probable reason of the lower measured value of rms(Ic) is the presence of non-
ideal superconductor/normal conductor interfaces [145, 9], i.e., an interface barrier or
different Fermi velocities in both materials [146]. Both contributions lead to a decrease
of Ic and to an according decrease of rms(Ic).
In Fig. 5.7(b) the normalized differential conductance GS is plotted in units of e2/h
as a function of back-gate voltage. The conductance values have been taken at a
bias voltage of 0.1mV, which is well below 2∆/e, so that multiple Andreev reflections
partially contribute to the total conductance. However, we did not attempt to drive
junction into a higher bias state above 2∆/e or measure the fluctuations at temperatures
above Tc, such that any superconducting properties are suppressed. The reason is that
under these conditions the quasi-equilibrium phase coherent transport regime is left.
As can be seen in Fig. 5.7(b), the fluctuation pattern of GS follows almost perfectly
the pattern of the previously discussed fluctuations in Ic. A similar agreement between
the fluctuation patterns of Ic and GS has been observed before on Al/InAs-nanowire
and on Nb/2-dimensional electron gas Josephson junctions [9, 145].
The fluctuations in GS originate from the phase-coherent transport through a con-
ductor with small dimensions where only a limited number of scattering centers are
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involved [147, 86, 125]. For our junction we find a fluctuation amplitude of rms(δGS) =
1.18(e2/h), with δGS calculated by subtracting the linearly increasing background con-
ductance. In order to compare rms(δGS) obtained for a sample with superconducting
electrodes with the corresponding value of rms(δGN ) of a normal conducting reference
sample, a nanowire from the same growth run has been contacted with normal Au/Ti
electrodes. Here, the contact separation was 130 nm. As shown in Fig. 5.7(b) (inset),
at a temperature of 0.4K reproducible conductance fluctuations are measured as a
function of magnetic field. However, the average conductance fluctuation amplitude of
rms(GN ) = 0.2(e2/h) is significantly lower than the value found for the sample with
superconducting electrodes. The enhanced conductance fluctuation observed for the
sample with superconducting electrodes has been attributed to the additional contri-
bution of phase-coherent Andreev reflection. A similar behavior has been found in
other proximity Josephson junctions as well [9, 148, 149, 137, 16]. In Al-based Joseph-
son junctions an enhancement of the average fluctuation amplitude between 1.4 and 1.6
has been reported [149], whereas for Nb contacted junctions, an enhancement by a fac-
tor of about 6 has been found. The larger enhancement compared to the values reported
for Al-based junctions can be qualitatively explained by the larger superconducting en-
ergy gap of Nb compared to Al, resulting in a larger number of phase-coherent Andreev
channels.
5.4 Observation of subharmonic energy gap structures
One of the unique characteristics of SNS type Josephson junctions is the appearance of
subharmonic energy gap structures in the differential resistance dV/dI measurements.
Such structures, associated with bias voltages, are evidence of multiple Andreev reflec-
tion which has been discussed in Chap.2. In this section we discuss the experimental
results of subharmonic gap structures of Nb/InAs-nanowire/Nb junctions. Similar to
the previous sections, two representative results based on nanowires with doping factor
500 (sample: YG07-C3-4) and 100 (sample: YG12-A3-4) are going to be introduced.
The observation of subharmonic gap structures is closely related to the NS interface
transparency, therefore the properties of our junction interface will be presented in this
section.
The differential resistance dV/dI has been measured as a function of bias voltage via
standard lock-in technique (cf. Chap.3) at a temperatures T = 0.5K and T = 0.3K for
sample YG07-C3-4 and YG12-A3-4, respectively (cf. Fig. 5.8(a),(b)). Subharmonic en-
ergy gap structures (dV/dI peaks) are clearly resolved which are a signature of multiple
Andreev reflections (MARs). The positions of the subharmonic energy gap structures
are indicated by arrows. The peak positions vs. corresponding inverse index is plot-
ted in Fig. 5.8(c). The corresponding linear fit: Vn=2∆/en, is shown as solid lines.
Here, n=2, 3 and 9 for sample YG07-C3-4 (red arrows)4 while for sample YG12-A3-4,
n=1, 2, 4 and 8. The linear fit crosses the origin and the slope of the linear fit gives
4In Fig. 5.8(a) (sample YG07-C3-4) one can see an additional small peak at small bias voltage. As it
is going to be discussed in the next section, the peak is arise from the normal reflection rather than
Andreev reflection.
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Figure 5.8: Measured differential resistance dV/dI as function of bias voltage for sample
YG07-C3-4 and YG12-A3-4 at temperatures 0.5K and 0.3K respectively
(a,c) subharmonic energy gap structures are indicated by arrows, the peak
positions are plotted against inverse indices “n”, the black solid lines show
the linear fits (b), high bias dc current-voltage characteristic of sample
YG12-A3-4 (doping factor 100) and of sample YG07-C3-4 (inset, doping
factor 500), the solid lines are linear fits at bias voltages V > 2∆/e.
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the twice of energy gap of the superconducting electrodes5, 2∆Nb. Here, we extract
∆Nb ∼ 0.9meV for sample YG07-C3-4 and 1.2meV for sample YG12-A3-4. From the
electron-phonon coupling strength [117], 2∆/kBTc = 3.9, the critical temperature of
the superconducting Nb electrodes has been found as Tc ∼ 5.5K and 7.2K for sample
YG07-C3-4 and YG12-A3-4 respectively. The variation of energy gap is due to the
slight variation of Tc of Nb. The observed difference in the energy gap thus Tc is most
probably due to different thicknesses of the superconducting Nb electrodes because
these two samples were fabricated separately.
The probability of a particle being Andreev reflected depends on NS interface trans-
parency. At the NS interface particles are not only Andreev reflected but, depending on
the barrier strength, they can also undergo a normal reflection as well as being trans-
mitted [39]. For the detailed discussion about particle trajectories in SNS junctions see
Chap.2. In the following we will discuss the NS interface transparency of our samples.
In Fig. 5.8(d) the IV characteristics of two samples YG12-A3-4 and YG07-C3-4 (inset)
are depicted. The junctions are biased to voltages V>2∆Nb at which the normal state
resistance RN is reached. At such voltage values a linear fit extrapolates to a finite ex-
cess current Iexc which is a current added to a normal current IN = V/RN at eV  ∆0
[27]. The excess current is particularly important because it contains information about
the interface transparency. It is insensitive to decoherence of the junction as opposed
to the critical current Ic [11]. Using a superconducting energy gap ∆Nb ∼ 1.2meV
and a normal state resistance of the junction YG12-A3-4 RN = 2.7 kΩ we obtained
eIexcRN/∆Nb = 0.4. According to Ref. [150] Fig.6, the corresponding barrier strength
parameter Z ≈ 0.85 has been extracted and that leads to an NS interface transparency
Tint = 1/(1 + Z2) ∼ 0.6. Similarly, an interface transparency of Tint ∼ 0.58 has been
found for sample YG07-C3-4. The observed Tint values can be increased by further
optimizing the fabrication processes such as +Ar milling which can be controlled better
to avoid any native oxide at the interface. Alternatively, a sulfur passivation method
can be used. The increase of Tint can lead to the observation of larger Ic values as well
as can allow for the observation of high order Andreev reflection peaks [12].
5.5 Magnetoresistance Oscillations in Nb/InAs-nanowire/Nb
Josephson Junctions
In this part we discuss a novel interference effect in Nb/InAs-nanowire/Nb junctions.
The experimental results presented here are based on highly doped (doping factor
500) InAs nanowires. The section is organized based on the etched and unetched
nanowires whose properties will be explained within the corresponding parts. Since
these experimental results, to our knowledge, have not been reported before, in Chap. 2,
we introduced an overview about related studies. The discussions of our experimental
results will be based on these studies.
5Since both electrodes are identical the slope should give 2∆Nb
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Figure 5.9: a) Scanning electron micrograph of a typical etched nanowire, the etched
part of the nanowire underneath the Nb electrodes at either side can be
seen, b) Schematic illustration of etched nanowire, the nanowire ends are
covered with Nb due to conformal deposition of sputtering technique.
5.5.1 Magnetoresistance Oscillations in etched nanowires
In this section the experimental results of highly doped InAs nanowires contacted with
superconducting Nb electrodes as a function of externally applied magnetic field will
be examined. In Sec.5.1.2 the effect of magnetic field on the supercurrent has been
studied within the narrow junction model. Here, the focus will be on the differential
resistance behavior in the presence of a magnetic field. The device fabrication is slightly
different than usual process, cf. Chap. 3. As already has been discussed in the previous
section the boundary of the NS interface crucially affects the transport properties of
the Josephson junction due to its phase contribution. Here, all the processing steps
were kept similar to the one explained in Chap. 3 except the +Ar etching time. Before
100 nm Nb deposition, nanowires in the contacting areas were completely etched away
by extending the +Ar sputtering time to 70 sec. As a result superconducting Nb only
touches either side of the etched InAs nanowire instead of covering it. One of the
typical examples is shown in Fig.5.9(a) and schematically shown in Fig.5.9(b). As
one can clearly see, in the scanning electron micrograph the nanowire underneath the
superconducting Nb electrodes was etched away. It should be noted that although
the thickness of Nb is smaller than the nanowire diameter the edges were completely
covered due to conformal deposition of the sputtering process, as shown in the schematic
Fig. 5.9(b).
In Fig. 5.10(a) the main result of magnetoresistance oscillations is depicted (sample:
YG07-C3-4). The measurement has been performed by standard lock-in technique
with a 10 nA excitation current. In order to measure magnetoresistance oscillations, the
device is biased with a dc current Idc = 150nA which is larger than the junction critical
current Ic = 72 nA, cf. Tab. 5.1. It means that the junction is in the finite voltage
state. The corresponding voltage at such a constant current is about 0.08mV which
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Figure 5.10: a) Differential resistance dV/dI against magnetic field, two measurements
(dashed green and continuous blue curves) are for the forward magnetic
field sweep direction and one (red curve) for the reverse sweep direction,
the constant bias current Idc = 150 nA in addition to Iexc = 10 nA exci-
tation current was applied, measurement temperature T = 0.7K, b) Dif-
ferential resistance measurement at B = 0T and the corresponding black
dashed line is shown in (c), the measurement temperature is T = 0.7K, c)
Color scale differential resistance dV/dI plotted against bias current and
applied magnetic field at temperature T = 0.7K.
is much smaller than the energy gap of superconducting Nb ∆Nb ∼ 1meV. Therefore
the junction has been considered as in the quasistatic state, similar to the one has
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been discussed by Bastian et al. [102]. After keeping the junction at finite voltage
state the external magnetic field has been swept. The magnetic field has been applied
perpendicular to the junction area. As shown in Fig. 5.10(a), pronounce resonance
peaks have been observed. In order to check the reproducibility of the resonance peaks,
the measurement has been repeated such that two measurements have been performed
from negative to positive magnetic field sweep direction (dashed green and blue curves)
and one measurement for reverse sweep direction (red curve) of magnetic field. For
the same sweep direction of the magnetic field the curves match almost perfectly. For
reverse sweep direction (red curve) a negligible hysteresis has been observed which
might be due to the stray field in the superconducting coils in the cryostat. On the
other hand, the amplitude of the peaks are almost similar at small magnetic field range
-1.5T<B<+1.5T. However, at larger magnetic field values, around B ∼ ±2T, the
amplitude of the observed peaks is smaller. When the magnetic field increased further
the superconducting Nb electrodes driven into normal state. The critical magnetic field
of Nb has been measured separately (cf. Chap. 3) and found as Bc ∼ 3T. Therefore the
observed decrease of peak amplitude at larger magnetic field values is due to the fact
that the magnetic field starts to destroy the superconductivity of the Nb electrodes.
The increasing of period of the resonance peaks at large magnetic fields, however, is due
to the increasing of the cavity size of the junction which will be discussed later. More
elaborate measurements have been carried out by measuring the differential resistance
at each constant magnetic field at T = 0.7K. As shown in Fig. 5.10(c), the bias current
and magnetic field is plotted as a function of differential resistance in color scale. The
measurement at B = 0T is shown in Fig. 5.10(b) corresponding to the black dashed
line in the color plot. As can be clearly seen in Fig. 5.10(c), a resonance peak is
oscillating with magnetic field (weak-yellow lines). Furthermore, it is almost perfectly
symmetric in bias current as well as in magnetic field. The corresponding oscillating
peak is depicted by red arrows in a single differential resistance curve in Fig. 5.10(b).
Besides of this peak, as can be seen in Fig. 5.10(b), the other peaks at higher bias
voltages appeared (see also Fig. 5.8(a)). It is important to note that only the peak at
the smallest bias voltage (V ∼ 0.08mV) is oscillating as the magnetic field is varied, see
below for details. Therefore the physical origin of observed peaks might be different. A
possible explanation might be that the one which is oscillating as a function of magnetic
field is due to the quasiparticle interference effect. Although the effect has been observed
in different systems and complex geometries [102, 96], it hasn’t been observed before
in semiconductor nanowire-based junctions [10, 13, 11]. The reason might be that here
the NS boundaries of the junctions has not been defined well. As a consequence the
phase shift due to the phase interaction between microscopic quasiparticle phase and
macroscopic superconducting phase is randomized, i.e. the current from leads injected
into the nanowires at different points. For etched nanowire, however, the boundaries
of NS interfaces are well defined and a phase shift of quasiparticle standing waves
constructively interfere after each consecutive reflection at boundaries which give rise
to resonance peaks in the differential resistance measurements.
To see the magnetic field evolution of the peaks at higher energies the measurement
in Fig. 5.10(c) has been repeated with larger current bias range as shown in Fig. 5.11.
In the figure, forward bias current and magnetic field is plotted against color scale
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Figure 5.11: Forward bias current and magnetic field versus color scale differential re-
sistance at T = 0.6K. Differential resistance measurement at B = 0T is
reproduced and shown by black curve.
differential resistance. The measurement temperature is around T = 0.6K. The mea-
surement has been performed from B = −3.5T (not shown) to B = +3.5T and a
symmetric behavior of the differential resistance has been observed. However, for clar-
ity only one part of the measurement is shown. The single curve differential resistance
for a zero magnetic field is shown in the figure (black curve). In the color plot, all the
peaks at higher energies (red lines) do not show any oscillatory behavior with magnetic
field as opposed to the low energy peak which has been discussed above. The higher
energy peaks monotonously decay and finally shrink to zero bias at high magnetic field
regime, B ∼ 2.5T. It is known that the increasing magnetic field led to reduce the
induced superconducting gap in the weak link. Eventually, the reduced induced gap
cause to exterminate the observed peaks [12]. Therefore, the observed high energy
peaks are the subharmonic gap structures due to the multiple Andreev reflections, cf.
Sec. 5.4.
In order to confirm the observed behavior of resonance peaks, the measurements have
been performed on another sample with highly doped nanowire (sample YG07-C2-5)
which has been prepared in a similar fashion. In Fig. 5.12(a) differential resistance
dV/dI is shown as a function of magnetic field for a temperature of 0.5K. Here the
maximum resonance peak amplitude has been observed for constant dc bias current
Idc = 200 nA. To see the reproducibility of the resonance peaks, two consecutive mea-
surements (green and red curves) has been carried out in a forward magnetic field sweep
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Figure 5.12: a) Differential resistance dV/dI as a function of external applied mag-
netic field for a constant dc bias current Idc = 200nA and temperature
T = 0.5K, two consecutive measurements (red and green curves) show the
reproducibility of resonance peaks, b) Differential resistance measurement
as a function of bias voltage for B = 0T the corresponding dashed green
line in (c), the red arrows indicate the resonance peaks, the inset figure
shows the Andreev reflection (AR) and the normal reflection process (NR),
adopted from Ref. [102], c) Logarithmic color scale differential resistance
measurement against bias current and magnetic field, the measurement
temperature is 0.5K.
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direction as indicated by arrows. As can be clearly seen, the resonance peaks are repro-
ducible for this sample as well. One of the prominent difference between this junction
and previously measured one is the number of resonance peaks. Although in the present
junction the nanowire has slightly smaller diameter and length (cf. Fig. 5.14(inset)),
the number of peaks is larger. At this stage the reason is not clear. However, there are
a number of parameters that can be considered such as the geometrical area, normal
state resistance which is larger for the present junction, Josephson penetration depth
and magnetic flux focusing effect. In particular, the flux focusing effect can play a major
role here. As can be seen from the scanning electron micrographs, the edges of super-
conducting Nb electrodes (side walls) are much larger than its thickness, speculatively,
these large side walls can define the effective area which is exposed by external mag-
netic field. It should be noted that although many different parameters have been tried
during device fabrication it wasn’t possible to avoid side walls after lift-off process due
to the conformal deposition of superconducting Nb sputtering technique (cf. Chap. 3).
Similar to the previous sample, here also the period of the resonance peaks decreased
at larger magnetic field regime and they are completely suppressed above the critical
magnetic field Bc of Nb. In Fig. 5.12(c) the bias current and magnetic field is plotted
as a function of differential resistance in logarithmic color scale. Similar to the previous
sample (cf. Fig. 5.10(c)), the Josephson current (dark blue region) completely vanishes
at finite magnetic field range, B ∼ 0.2T. In Fig. 5.12(b) differential resistance dV/dI
at B = 0T is plotted as a function of bias voltage and the corresponding measurement
is indicated by the dashed green line in Fig. 5.12(c). The red arrows in Fig. 5.12(b)
indicate the resonance peaks which belong to the one is oscillating as a function of
magnetic field in Fig. 5.12(c). It is worth mentioning here that the higher energy peaks
are visible in the figure (light red line) and their non-oscillatory behavior in the pres-
ence of varied magnetic field is due to the multiple Andreev reflection as argued for the
previous sample. Another remarkable difference between this sample and the previous
one is that the resonance peaks appeared at larger energies (or voltages), V ∼ 0.3mV.
As it also pointed out by Bastian et al. [102] at finite voltage state Andreev reflection
of the quasiparticles take place at higher energies at which both resonance condition of
Andreev bound state (ABS) and wave function of quasiparticles are modified. At inter-
mediate interface transparency Tint, there is a finite probability for normal reflection as
well as Andreev reflection as indicated schematically in Fig.5.12(b) (inset). During the
normal reflection process the particle can gain more energy and acquire phase due to
the previous Andreev reflections. However, there is a certain probability for the normal
reflected particles to return to their former energies. As a result resonant conditions
can be created for constructive interference of quasiparticles. Such interference can
take place at different voltages (or energies) if the barrier strength parameter Z and
thus Tint of the junctions are different.
In order to confirm the argument discussed above and also by Ref. [102] the resonance
peaks of both samples (cf. Fig. 5.10(a) and Fig. 5.12(a)) have been measured as a
function of magnetic field for different constant dc bias currents and the results are
shown in Fig. 5.13(a),(b). For sample YG07-C3-4 (cf. Fig. 5.13(a)) the dc bias current
has been increased from Idc = 50 nA to Idc = 250 nA in steps of 50 nA. At smallest
bias current, for which the junction is in zero voltage state, there isn’t any indication
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Figure 5.13: a) Differential resistance dV/dI of sample YG07-C3-4 as a function of for-
ward sweep direction of magnetic field for different constant bias current
Idc at temperature T = 0.7K, the curves are shifted by 100 Ω offset for
clarity, b) Differential resistance measurements against forward sweep di-
rection of magnetic field for sample YG07-C2-5 for different constant bias
currents, the measurement temperature is T = 0.5K.
of the resonance peaks except a resistance deep at zero magnetic field. When bias
current increased to Idc = 100 nA which is slightly larger than the critical current of
the junction a weak resonance structures start to appear. Maximum amplitude of the
resonant peaks has been observed for Idc = 150 nA. The further increment of the bias
current cause to reduce and finally completely suppress the resonant structures. As
shown in Fig. 5.13(b) for sample YG07-C2-5 a similar behavior has been observed.
For this sample the maximum amplitude of the resonance peaks has been observed
for Idc = 200nA. Increasing the bias current and thus the voltage to a higher value
drives the junctions into a non-stationary state at which the phase difference of the
superconducting electrodes evolve with time. The unstable phase difference between
electrodes causes a loss of the resonant conditions for the quasiparticles.
The most important evidence of the interference effect can be deduced from temper-
ature evolution of the resonance peaks. In Fig. 5.14 the differential resistance dV/dI
of sample YG07-C2-5 is measured as a function of bias voltage for different tempera-
tures and zero magnetic field. Each measurement has been shifted by 200 Ω offset for
clarity. As has been also discussed in Sec. 5.4 here subharmonic gap structures due
to multiple Andreev reflection have been observed and their temperature dependent
positions are indicated by black dashed lines. The BCS-like development of the tem-
perature dependent peak positions in energy can be seen. Moreover, as expected, all
subharmonic gap structures collapse at zero voltage when the temperature increased
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Figure 5.14: Differential resistance of sample YG07-C2-5 versus bias voltage for dif-
ferent temperatures, the measurement has been performed at B = 0T
magnetic field, the curves are shifted by 200 Ω offset for clarity, for guid-
ing eyes the black dashed lines indicate the subharmonic gap structures
evaluation with temperature, green arrows indicate the resonance peaks,
inset figure shows corresponding scanning electron microscopy image, scale
bar is 200 nm.
about the critical temperature of superconducting Nb. However, the peaks which are
indicated by green arrows keep their position constant while temperature increased. As
expected for the resonance peak the amplitude is decreased with temperature because
of thermal smearing in the Andreev bound states. In this measurement, it has been
confirmed once again that the peaks are due to the quasiparticle interference effect.
5.5.2 Magnetoresistance Oscillations in unetched nanowires
In this part the absence and/or weak resonance effect will be introduced by changing
the geometry of the Josephson junctions. In contrast to the structures that have been
discussed in the previous section, here, part of the nanowire underneath the supercon-
ducting Nb electrodes kept unetched. The +Ar etching, approximately 20 s, has been
used to only remove the native oxide layer at the surface of the nanowires which is
important to gain transparent interfaces thus supercurrent through the semiconduct-
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ing nanowires, cf. Sec. 5.1. In order to avoid confusion with the previously discussed
structures here the structures will be called “unetched nanowires”. The typical scan-
ning electron microscopy image of the unetched nanowire with Nb electrodes is shown
in Fig. 5.15(c). The schematic of the device is shown in Fig. 5.15(d). Thanks to the
transparency of the Nb material in scanning electron microscopy the unetched part of
nanowire underneath the electrodes can be clearly seen.
Similar to the previously discussed junctions with etched nanowires, the differential
resistance as a function of magnetic field has been performed. In Fig. 5.15(a) the bias
current and the magnetic field is plotted against color scale differential resistance. For
the differential resistance measurements a current bias has been used for each constant
magnetic field value. One of the typical differential resistance measurement versus bias
voltage at zero magnetic field is shown in Fig. 5.15(b), the corresponding measurement
in color plot is indicated by a purple dashed line. Although a relatively large critical
current, Ic = 120nA, has been observed, neither subharmonic gap structures due to
the multiple Andreev reflection nor the resonance peaks due to the quasiparticle inter-
ference effect could be obtained/resolved in the differential resistance measurements.
At finite magnetic field region the Josephson current of the junction can be seen in
Fig. 5.15(a) (dark blue region). However, when the magnetic field is increased further
a finite voltage drop appeared at zero bias regime (light blue region). The evolution
of such a small voltage drop at zero bias regime with increasing magnetic field is not
clear at this stage. Here, the focus will be on the absence of the resonance peaks.
As has been discussed in the previous part, the favorable resonance conditions can
be created if and only if the normal reflected particle can follow the time reversed path
and reach to the point where it starts from. Otherwise a well-defined phase shift due
to the previous Andreev reflection process and thus interference of the corresponding
standing wave will not be possible. Such process is shown schematically in Fig. 5.15(b)
(inset). Here, a finite voltage eV is applied to the superconducting electrodes such that
the Fermi levels are shifted for the corresponding voltage value. The boundaries of the
NS interfaces are shown in a different color which represent the overlap area of the
unetched nanowire and superconducting Nb. Since the boundaries are not well defined,
in contrast to the etched nanowires (cf. Fig. 5.12(b) (inset)), the Andreev reflection
process can take place at any point in this area. As shown by arrows, when an electron
incident from the right electrode to the left through the nanowire there is a probability
for Andreev reflection (AR) as well as for the normal reflection (NR). After the normal
reflection of the incident electron it trace back through right electrode as shown by red
dashed line. However, since boundary of the NS interface is not well-defined there is
also a finite probability for the electrons to penetrate underneath the superconducting
Nb electrode before being Andreev reflected [94, 151]. The accumulated phase during
first reflection averages out after tracing back because the electron does not end at the
point where it started from. Consequently, the conditions for the interference are not
fulfilled.
Additional measurements for another unetched nanowire junction (sample YG10-
B2-3) have been performed and the results are shown in Fig. 5.16. The junction ge-
ometry and all other fabrication processes are identical to the sample YG10-B2-4. In
Fig. 5.16(a) the bias current and the magnetic field measurements against the color-
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Figure 5.15: a) Bias current and magnetic field plotted versus color-code differential
resistance for sample YG10-B2-4 at T = 0.8K, b) Differential resistance
versus bias voltage at B = 0T, the corresponding measurement in (a)
is indicated by dashed line, inset figure shows Andreev (AR) and normal
(NR) reflection process for unetched nanowires, c) Corresponding scanning
electron microscopy image, unetched part of the nanowire underneath the
superconducting Nb electrodes is visible, d) Schematic illustration of un-
etched nanowire covered with Nb electrodes.
coded differential resistance at T = 0.4K is shown. The overall behavior is similar
to the previous unetched nanowire junction, such that at finite magnetic fields a zero
voltage state can be seen (dark blue region) and with further increment of the magnetic
field, like for the previous sample, a finite voltage drop (light blue region) appears and
widens in current bias axis, finally it vanishes at Bc of Nb. For this sample at magnetic
field range -2.3T . B . 2.3T, at first sight the behavior looks like a first node of the
oscillation just before complete suppression of the superconductivity of Nb. However
this peak belongs to the transition from normal state to the superconducting state
and does not correlate with the resonance. Another peak at higher energy (red stripe)
has been observed as well. It can be clearly seen that there isn’t any indication of
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tance for sample YG10-B2-3 at T = 0.4K, b) Measurement in (a) repeated
with smaller magnetic field step size, 1mT, in order to resolve the peak
as indicated in (a) by dashed red circle, T = 0.4K, c) Differential resis-
tance as a function of biased voltage for different magnetic field values,
the resonance peak for zero magnetic field indicated by green arrows.
the resonance oscillations when the magnetic field is varied. Hence, the peak observed
here is most probably due to the multiple Andreev reflection (see previous section for
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explanations).
A most prominent peak for this sample is observed at finite voltage as indicated by the
dashed red circle. In order to see more precise evaluation of the peak with magnetic
field, the measurement at small bias range has been repeated with 1mT magnetic field
step size. The measurement result is shown in Fig. 5.16(b). As can be seen here the
result is reproducible. The observed peak at B = 0T and at voltage V = 0.2mV can be
seen in Fig. 5.16(c), indicated by green arrows. Unlike the subharmonic gap structures
due to the multiple Andreev reflection, the observed peak position is changing with
small magnetic field. As shown in Fig. 5.16(b) and (c), the observed peak collapse
at magnetic field above ±10mT and does not develop again with further increment
of magnetic field. In that sense, such behavior is in contradiction with the previously
measured etched nanowire samples. Although the resonance peak due to the quasipar-
ticle interference effect is not expected for this sample, because of complete coverage of
the superconducting Nb, the observed peak seems to have a similar physical origin with
the previously measured etched nanowire samples. A very similar behavior has been
observed by Ref. [102] for 2-DEG InAs contacted with superconducting Nb electrodes.
It has been pointed out that the increasing magnetic field reduces the induced gap in
the semiconductor and that leads to a change of the effective cavity size in between the
superconducting electrodes. As a result the modulation of the resonance peak spectral
position is superimposed with the phase different of superconducting electrodes. On
the other hand, as has been discussed for etched nanowire samples (cf. Fig. 5.10(c) and
Fig. 5.12(c)) after second node the resonance peak develops again for further increment
of magnetic field. However, the second period is larger than the first one. This can be
an evidence for changing effective size of the cavity. Because of well defined boundary
and thus well defined phase shift the spectral position of resonance peaks does not su-
perimpose with the superconductor phase difference. For the present sample, however,
the resonance peak is believed to have a well defined point rather than complete bound-
ary. Therefore the change of effective size of the cavity brings the junction back to the
unfavorable conditions for the resonance similar to the previously discussed unetched
nanowire junction.
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6 Transport Properties of
Al/InAs-nanowire/Al and
Al/InAs-nanowire/Nb Junctions
One of the important consequences of the Andreev reflection is the appearance of the
subharmonic gap structures in differential resistance measurements of a superconductor-
normal metal-superconductor (SNS) junction. The subharmonic gap structures in Nb-
based symmetric junctions have been discussed in Chap. 4. In the first part of this
chapter, the experimental results on symmetric Al/InAs-nanowire/Al junctions, where
special attention is devoted to the subharmonic gap structures, will be presented. In
the second part of this chapter, we will introduce subharmonic gap structures of asym-
metric Al/InAs-nanowire/Nb, so-called SNS′ junctions. In this chapter, we have used
only highly doped nanowires with doping factor 500, cf. Chap. 3.
6.1 Transport in Al/InAs-nanowire/Al junctions
6.1.1 Supercurrent in Al/InAs-nanowire/Al junctions
We have characterized three Al/InAs-Nanowire/Al junctions whose properties are sum-
marized in Tab. 6.1. The current-voltage (I − V ) characteristics of two representative
junctions at T = 0.3K are shown in Fig. 6.1. For the measurement technique of the
I − V characteristic see Chap. 3. The I − V characteristic of junction NB05-C5-5 is
shown in Fig. 6.1(a) while in Fig. 6.1(c) the I − V characteristic of junction YG08-
B2-2 is depicted. The corresponding scanning electron micrographs of the junctions
are shown in the insets of the corresponding figures. One of the differences between
both junctions is the value of the critical current Ic, i.e., the junction NB05-C5-5 has
an approximately two times larger Ic value. As we have also discussed in Chap. 4,
the Ic of a junction is strongly affected by its normal state resistance RN , i.e., the
Ic value is inversely proportional to the RN value. This is indeed the case for the
present junctions. The junction NB05-C5-5 has an RN value of about 110 Ω while the
junction YG08-B2-2 has a value of 210 Ω, cf. Tab. 6.1. The normal state resistance
of the junctions has been measured from the linear part of the I − V characteristics
of the samples where the bias voltage is larger than the superconducting gap1 of Al
(cf. Fig. 6.1(b) and (d)), i.e., V > 2∆Al, here ∆Al is the superconducting gap of the
Al. The IcRN product, known as figure of merit of the Josephson junctions, has been
determined from the corresponding Ic and RN values of the junctions. For sample
NB05-C5-5 and YG08-B2-2 we have found IcRN = 61.1µV and 44.5µV, respectively.
1In this chapter the gap of superconducting materials are indicated as: ∆Al and ∆Nb for Al and Nb,
respectively. For general relations ∆0 is used.
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It has been theoretically predicted [152] that the IcRN = 1.326pi∆0/2 for the short and
diffusive junction transport limit2. According to the model we expect an IcRN product
of about 270µV. The experimental values are in the same order of magnitude as the
theoretically predicted ones, the slight difference can be attributed to the non-ideal
interfaces between the superconducting electrodes and the nanowire. In order to find
out the interface transparencies of the junctions, we have extracted the excess current
values Iexc from the high bias I − V characteristic measurements of the junctions, cf.
Fig. 6.1(b) and (d). From the linear extrapolation of the high bias regime we have
found Iexc = 1.3µA and 445 nA for junction NB05-C5-5 and YG08-B2-2, respectively.
Following Ref. [150], we have calculated eIexcRN/∆Al ∼ 1.11 and 0.715 for which the
corresponding barrier strength parameters Z ∼ 0.563 and 0.688 have been extracted
for the junction NB05-C5-5 and YG08-B2-2, respectively. From these values the in-
terface transparencies of the junctions have been found as Tint = 1/(1 + Z2) ∼ 0.76
and 0.68. Another prominent feature observed in our junctions is the absence of the
hysteresis in the I − V characteristics where we have used both forward and reverse
bias current, cf. Fig. 6.1(a) and (d). As has been also discussed in Chap. 4 for the
Nb/InAs-nanowire/Nb junctions, the absence of the hysteresis can be attributed to a
low resistance value thus a low power density just above Ic value [5].
2For short and diffusive transport limit the length and energy scale parameters should satisfy the
conditions: lel  L, L  ξN and ∆0  ETh. All the Al/InAs-nanowire/Al samples, which are
described in this section, are in the short and diffusive junction transport limit, see the corresponding
parameters in Tab. 6.1.
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Parameters NB05-C5-5 YG08-B2-2 NB05-E5-1
L (nm) 60 285 80
d (nm) 115 140 115
Ic (nA) 550 213 120
RN (Ω) 111 209 268
IcRN (µV) 61.1 44.5 32.2
Eth (meV) 2.6 0.2 0.8
ξN (nm) 262 361 194
lel (nm) 13 25 7.2
D (cm2/s) 146 278 81
Tint 0.76 0.68 0.72
Table 6.1: Sample parameters: Length (L), and diameter (d) of samples were defined
from scanning electron microscopy images, critical current (Ic) values were
extracted from the current-voltage characteristics, normal state resistance
(RN ) of the samples were determined from the linear part of the large bias
current-voltage characteristics at voltages V > 2∆0/e, diffusion constant
(D), electron mean free path (lel), superconducting coherence length in the
nanowire (ξN ) and Thouless energy (Eth) were determined from the normal
state transport measurements, the interface transparency (Tint) of the junc-
tions were defined from the excess current and barrier strength parameter
[150].
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Figure 6.1: a) Current-voltage characteristic of junction NB05-C5-5 at T = 0.3K, inset
shows the corresponding scanning electron micrograph. Arrows indicate
the current bias directions. b) In order to find the normal state resistance
RN as well as the excess current Iexc, the junction NB05-C5-5 is biased
with a large current. The grey arrow shows the current bias direction. c)
The current-voltage characteristic of junction YG08-B2-2 at T = 0.3K. The
inset shows its scanning electron micrograph. The gray arrow indicates the
current bias direction. d) The high bias current-voltage characteristic of the
junction YG08-B2-2. The arrows show the current bias sweep direction.
Furthermore, we have investigated the effect of the magnetic field on the critical
current Ic. The results are shown in Fig. 6.2(a) and (b) for the junction NB05-C5-5
and YG08-B2-2, respectively. The measurements have been performed by applying the
magnetic field perpendicular to the junction area. Each current-voltage characteristics,
from which the Ic values are extracted, has been carried out by increasing the mag-
netic field in 1mT steps. For both junctions a similar behavior of the critical current
has been observed, i.e., in the entire magnetic field regime Ic of the junctions decays
monotonously. A complete suppression of the Ic has been found at B = 20mT for the
junction NB05-C5-5. Although it was difficult to extract the Ic values at B > 12mT
for the junction YG08-B2-2 in Fig. 6.2(b), (a) similar behavior as the previous junction
is expected. The magnetic field dependent Ic of the Nb/InAs-nanowire/Nb junctions
has been analyzed in Chap. 4, where we have also observed the monotonous behavior
of the Ic. There, the complete suppression of the Ic was at larger magnetic field val-
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ues, due to the larger critical magnetic field of the superconducting Nb electrodes. In
contrast to the Nb/InAs-nanowire/Nb junctions, the complete suppression of the Ic at
smaller magnetic field for the Al/InAs-nanowire/Al junctions is due to the fact that
the superconducting Al has a critical magnetic field of about 50mT or less depending
on the oxygen content in the Al thin film [153, 154].
The monotonous behavior of the Ic in the Al/InAs-nanowire/Al junctions can be ana-
lyzed in the frame of the “narrow junction model” [22, 23], cf. Chap. 2. The character-
istic magnetic field of the junction NB05-C5-5 can be found from B0 = φ0/LW = 0.3T
and that corresponds to a characteristic magnetic length of ξB = 85 nm. Here, φ0 is
the magnetic flux quantum, L is the length of the junction and W is the width of the
nanowire. Since the ξB is comparable to W the narrow junction model can be applied.
The result of the fitting using the narrow junction model is shown by a red solid line
in Fig. 6.2(a). In order to fit the experimentally obtained Ic values to the theoretical
model, we have used the area of the junction and the Thouless energy EfitTh as fitting
parameters. From the transport measurements we have found ETh = ~D/L2 = 2.6meV
while the junction geometrical area A = L ·W = 6.9× 10−15 m2 has been defined from
the scanning electron microscopy image, cf. Fig. 6.1(a) (inset). Based on theoretical
calculations of the narrow junction model we have found EfitTh = 75µeV and the effec-
tive area of the junction had to be increased to the A = 170× 10−15 m2. The obtained
difference between the ETh and EfitTh has been attributed to the non-ideal interface
transparency [155] which has been discussed above. The difference in the area of the
junction can be understood from the number of the magnetic flux quanta in the junc-
tion area. Due to the flux focusing effect, the number of the flux quantum per unit
area of the junction is larger. Therefore, it gives the same result if one should increase
the area of the junction. A similar behavior has been observed for the second junction,
cf. solid orange line in Fig. 6.2(b). For this junction we have found EfitTh = 36µeV and
A = 19 × 10−14 m2 as the fitting parameters, while from the transport measurements
and from the scanning electron microscopy image (cf. inset of Fig. 6.1(c)) we have
extracted ETh = 0.2meV and A = 4× 10−4 m2, respectively.
In order to show the absence of the Fraunhofer patterns in the experimentally obtained
values we have also plotted theoretically obtained patterns for both junctions, cf. solid
green line in Fig. 6.2(a) and solid blue line in Fig. 6.2(b). As has been predicted by
Cuevas and Bergeret [23] a complete suppression of the Ic always appears at fluxes
larger than one flux quantum, which was also the case for the Nb/InAs-nanowire/Nb
junctions, see Chap. 4.
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Figure 6.2: a) Magnetic field B vs. critical current Ic of junction NB05-C5-5 at T =
0.3K. The solid red line shows the calculated curve using the result from the
narrow junction model. The solid green curve represents the corresponding
Fraunhofer pattern. b) Same measurement as in (a) has been performed
for the junction YG08-B2-2 at a temperature of 0.3K. The results from the
narrow junction model (solid orange) and the corresponding Fraunhofer
pattern (solid blue) are also shown.
6.1.2 Subharmonic gap structures in Al/InAs-nanowire/Al junctions: The
effect of temperature and Magnetic field
In this section we introduce the subharmonic gap structures caused by multiple Andreev
reflection in Al/InAs-nanowire/Al junctions. In Fig. 6.3(a) the differential resistance
dV/dI measurements as a function of bias voltage are shown for three different sam-
ples. The measurements were performed by a standard lock-in technique with a 10 nA
excitation current at a temperature around 400mK. The subharmonic gap structures
were clearly resolved at bias voltages V ≤ 2∆Al. Interestingly, all measured junctions
showed a very similar dV/dI characteristic. As indicated by arrows the positions as well
as the shape of the subharmonic gap structures are similar. Usually, it is very challenge
to obtain reproducible dV/dI curves for individual SNS junctions. The reason is that
even though the junctions have been fabricated in the same processing steps the SN
interfaces may not be identical resulting in diverse interface transparencies Tint. The
dissimilarity in the Tint leads to the different shape of subharmonic gap structures in
the dV/dI curves, because the Andreev reflection probability strongly depends on the
Tint. This is, indeed, the case for our junctions. As we have explained in the previous
section, the interface transparencies of our junctions are similar, cf. Tab. 6.1. There-
fore, similar subharmonic gap structures are expected.
Another striking features found in our Al/InAs-nanowire/Al junctions are the resis-
tance dips in the dV/dI measurements. This is different to the Nb/InAs-nanowire/Nb
junctions where we have always observed peaks in the dV/dI curves, cf. Chap. 4. There
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is a large number of experimental studies found in literature where peaks in the dV/dI
curves for the superconducting Nb-based SNS junctions [155, 156, 157, 158, 159, 160] are
reported while for the superconducting Al-based SNS junctions [9, 12, 11, 8, 13, 17, 161]
dips in the dV/dI curves were commonly observed. It has been theoretically shown by
Cuevas et al. [162] that the shape of the subharmonic gap structures is affected by the
ratio of L/ξN , though the positions of the subharmonic gap structures are independent
of the L/ξN , with ξN being the normal metal coherence length. In the calculated re-
sults in Ref. [162] the conductance peaks of the subharmonic gap structures evolve into
the conductance dips when the ratio L/ξN is increased. This has been experimentally
confirmed in Al/Graphene/Al junctions by Du et al. [17]. For such a case, they have
found an abrupt increase of the conductance peak amplitude when the ratio is reduced
to L/ξN < 1. Consistently, in all our Nb/InAs-nanowire/Nb junctions we have found
the ratio L/ξN > 1.5 (cf. Chap. 4), while for our Al/InAs-nanowire/Al junctions the
ratio is smaller than unity, L/ξN < 1 for all measured junctions, cf. Tab. 6.1.
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Figure 6.3: a) Differential resistance dV/dI measurement as a function of bias voltage
at T = 0.4K and B = 0T for three different junctions: NB05-E5-1, YG08-
B2-2, and NB05-C5-5. The subharmonic gap structures are indicated by
arrows. b) A representative dV/dI curve of the junction NB05-C5-5 as
a function of temperature, the curves are shifted by 15 Ω for clarity. c)
The position of the energy gaps 2∆Al and ∆Al are plotted as a function
of temperature, the corresponding gap positions are indicated by arrows in
(b). The green solid lines represent the theoretical fit according to BCS
theory. d) The color scale differential resistance is plotted against magnetic
field and bias voltage for the sample YG08-B2-2 at T = 0.3K.
The peak position of the subharmonic gap structures are given by Vn = 2∆0/en,
where n = 1, 2, 3, ... . In our junctions two subharmonic gap structures were found for
n = 1 and 2 which correspond to the gap and twice the gap of Al ∆Al = 140µeV and
2∆Al = 280µeV as indicated by arrows in Fig. 6.3(a). Although the ∆Al gap structure
is clearly resolved for the junction NB05-C5-5, it is very weak for the junctions YG08-
B2-2 and NB05-E5-2. This might be due to the difference in the L/ξN ratio for different
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junctions: For lower L/ξN ratio the sub-gap conductance peak amplitude should be
higher [17]. We have found the ratio L/ξN = 0.2 for the junction NB05-C5-5, which
corresponds to the lowest value obtained, while for the junctions YG08-B2-2 and NB05-
E5-1 we have obtained 0.8 and 0.4, respectively.
A typical evaluation of the dV/dI measurement with temperature for junction NB05-
C5-5 is shown in Fig. 6.3(b). The subharmonic gap structures shift toward zero bias
voltage with increasing temperature. At the critical temperature of the superconducting
Al Tc ≈ 1.9K all the structures vanish. The position of the subharmonic gap structures
for ∆Al and 2∆Al are plotted as a function of temperature in Fig. 6.3(c). As expected,
the position of the sub-gap structures are following the BCS theory which is represented
by the solid curves.
We have also investigated the effect of the magnetic field on the subharmonic gap
structures for all junctions. One of the typical measurement is displayed in Fig. 6.3(d)
for junction YG08-B2-2. Here, the differential resistance is plotted in a color-scale as a
function of magnetic field and bias voltage for a temperature of 0.3K. In the middle of
the figure one can see the supercurrent regime (dark-blue) which monotonously decays
at higher magnetic field values. As we have discussed in the previous section, the
absence of the Fraunhofer pattern is evident. At larger bias voltages the subharmonic
gap structures are visible and they are symmetric in bias voltage as well as in magnetic
field scale. The amplitude of the subharmonic gap structures decreases with magnetic
field. At the critical magnetic field of superconducting Al Bc ∼ 13mT all structures
vanish. The same behavior has been observed for all Al-based devices measured in
this thesis. The monotonous suppression of the subharmonic gap structures with the
magnetic field is due to the fact that the superconducting energy gap value reduces
when the magnetic field is increased, causing the suppression of the induced gap in the
normal conductor [12].
6.2 Transport in Al/InAs-nanowire/Nb junctions
In order to characterize the fabricated junctions, in the following we will present the dif-
ferential resistance dV/dI measurement results as a function of the bias voltage. So far,
the measurements were performed for symmetric Nb/InAs-nanowire/Nb (cf. Chap. 4)
and Al/InAs-nanowire/Al (cf. Sec. 6.1.2) junctions from which we have extracted the
superconducting energy gap value of Al and Nb, ∆Al = 0.14meV, ∆Nb = 1.1meV,
respectively. These energy gap values enabled us to assign the observed peaks in the
differential resistance measurements to one of the superconductors. In addition to the
peaks which belong to one of the superconducting material, we have also observed the
superposition of the peaks from both superconductors.
In order to distinguish the peaks in the SNS′ junctions, we have used a magnetic field,
because the lower critical magnetic field of the superconducting Al gives the possibility
to suppress its superconductivity by a small magnetic field Bc,Al = 15 − 40mT while
keeping the Nb electrode (Bc,Nb = 3.5T) in the superconducting state. In some aspect
the present junction is very interesting because it provides an advantage to study the
Andreev reflection of the quasiparticles at single interface by suppressing the super-
conductivity of Al (N′NS) as well as at double interface at zero magnetic field (SNS′).
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Moreover, the N′NS type junction can, in principle, be used to search the Majorana
fermions as has been demonstrated by Mourik et al. in a similar junction geometry
[25].
Parameters YG08-C3-4 NB05-D4-4 NB05-C5-3
L (nm) 210 110 100
d (nm) 135 170 130
RN (kΩ) 1.3 0.45 1.1
Eth (µeV) 52 180 69
ξN (nm) 43 42 23.6
lel (nm) 3.1 29.4 0.9
D (cm2/s) 34.8 32.9 10.5
L/ξN 4.9 2.62 4.24
Table 6.2: Sample parameters: Length (L), and diameter (d) of samples were obtained
from scanning electron microscopy images, normal state resistance (RN )
of the samples were determined from the large bias current-voltage char-
acteristics at voltages V > 2∆0/e, diffusion constant (D), electron mean
free path (lel), superconducting coherence length in the nanowire (ξN ) and
Thouless energy (Eth) were determined from the normal state transport
measurements.
6.2.1 Subharmonic gap structures in Al/InAs-nanowire/Nb junctions
We have investigated the subharmonic gap structures in asymmetric Al/InAs-nanowire/Nb
junctions for three different devices: YG08-C3-4, NB05-D4-4 and NB05-C5-3. The ba-
sic parameters of the junctions are given in Tab. 6.2. Here, as a representative sample,
we present only the experimental results of YG08-C3-4. The corresponding scanning
electron micrograph of the junction is depicted in Fig. 6.4(a) and the differential re-
sistance dV/dI of the junction is given in Fig. 6.4(b) as a function of bias voltage for
a temperature 0.3K and magnetic field 0T, i.e., both Nb and Al electrodes are in the
superconducting state. Therefore, it is expected that the Josephson coupling manifest
itself. At zero bias regime one can see the resistance dip in the differential resistance
measurement which is the evidence of the Josephson coupling, cf. Fig. 6.4(b) (green
arrow). At larger bias regimes, as expected, the subharmonic gap structures due to
the multiple Andreev reflection appeared as differential resistance peaks. It should be
noted that, in contrast to the Al/InAs-nanowire/Al junctions, cf. Sec. 6.1.2, for all
measured Al/InAs-nanowire/Nb junctions we have observed peaks in the differential
resistance measurements. As has been explained in Sec. 6.1.2, the L/ξN ratio is larger
than one for all measured Al/InAs-nanowire/Nb junctions, cf. Tab. 6.2. The position
of the peaks in the differential resistance measurement are indicated by arrows. In the
following, each peak is discussed separately.
The most pronounced peak in Fig. 6.4(b) has been found at a bias voltage of 1.1mV,
which corresponds to the superconducting gap of Nb ∆Nb. In order to clarify that this
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peak is belong to the Nb, we have performed the evolution of the peak as a function
of magnetic field. The measurement is shown in Fig. 6.4(c) and the peak is indicated
by square symbol (). One can clearly see that the peak survives up to the magnetic
fields larger than the critical magnetic field of Al (Bc,Al ∼ 13mT). Moreover, this peak
vanished at critical magnetic field of Nb (Bc,Nb ∼ 3T) which provides further evidence
that the peak is belongs to the Nb electrode rather that Al or superposition of both.
When the bias voltage reduced we have observed another peak at around 0.6mV for
zero magnetic field, cf. Fig. 6.4(b). In magnetic field dependent measurement, cf.
Fig. 6.4(c) diamond symbol (♦), the amplitude of the peak is weaker at zero mag-
netic field regime. However, it is stronger at larger magnetic fields. At magnetic fields
B > Bc,Al the multiple Andreev reflection shouldn’t present due to the fact that there
is only one superconducting electrode. We could not clarify the origin of this peak at
this stage.
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Figure 6.4: a) The scanning electron micrograph of the sample YG08-C3-4. b) Dif-
ferential resistance dV/dI as a function of bias voltage at T = 0.3K and
B = 0T for sample YG08-C3-4. The arrows indicate the superconducting
gaps of the electrodes, see the text for the explanations. c) Differential
resistance is plotted in color-scale as a function of magnetic field and bias
voltage for a temperature 0.3K. d) The dV/dI measurements at different
magnetic fields, the corresponding curves are indicated by dashed square in
(c).
At smaller bias voltages, V = 0.13mV, we have observed another peak as indicated
113
6 Transport Properties of Al/InAs-nanowire/Al and Al/InAs-nanowire/Nb Junctions
by red arrows in Fig. 6.4(b). The origin of this peak is also clarified via analyzing its
magnetic field evolution. In order to see the change of the peak position more clearly,
a part of Fig. 6.4(c) (dashed square) is reproduced in Fig. 6.4(d). The peak change its
position at exactly the critical magnetic field of Al Bc,Al ∼ 13mT. This clearly indicates
that the peak is belongs to the superconducting gap of Al ∆Al.
One of the striking feature appeared in this device is the dip in the differential resistance
at magnetic fields larger than the critical field of superconducting Al. One should
expect the vanishing of the Josephson coupling for large magnetic fields Bc,Nb  B >
Bc,Al. However, due to the proximity induced superconductivity of Nb the dip in the
differential resistance is present up to the critical magnetic field of Nb.
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Superconducting Proximity Coupled
GaAs/InAs core/shell Nanowires
In this chapter, the experimental results of GaAs/InAs core/shell nanowires contacted
by superconducting Nb electrodes will be discussed. The growth mechanism of the
nanowires as well as the fabrication process of the superconducting electrodes are de-
scribed in Chap. 3. This chapter consists of two main sections; the first section com-
prises basic Josephson properties of the junction, while a special attention has been de-
voted to the magnetoresistance oscillations in the second section. In the latter section
the effect of temperature, constant dc bias current and gate voltage on the oscillations
amplitude is discussed.
The junctions are labeled as Sample-A, Sample-B and Sample-C, whose basic transport
properties are given in Tab. 7.1. The measurements of Sample-A have been performed
in a He-3 cryostat with a base temperature of 0.3K while Sample-B and Sample-C are
characterized in a variable temperature insert (VTI) with a base temperature of 1.8K.
7.1 Josephson properties of Nb/GaAs-InAs core-shell
nanowire/Nb junction
In order to characterize the basic Josephson properties of the junction (Sample-A),
first, we measured the current-voltage characteristic of the junction at a temperature
of 0.4K and a magnetic field of 0T, cf. Fig. 7.1(a). The measurement has been
performed by applying the current while recording the voltage. The junction showed
a non-linear current-voltage characteristic with a small voltage drop around zero bias
current regime. As discussed in Chap. 4 for the undoped InAs nanowires, the observed
slight voltage drop is attributed to the thermal smearing or insufficient environmental
shielding [32]. Nevertheless, the switching current is observed at around Isw ∼ 12nA.
The magnitude of Isw is strongly affected by the normal state resistance of the junction,
i.e., the switching current is small if the normal state resistance of the junction is large,
cf. Chap. 4. To reduce the normal state resistance of the junctions, it was tried to
dope the nanowires by Si. Although the Si flux was introduced during the growth of
the nanowires it is not clarified yet whether the Si is incorporating to the InAs shell
or not. From room temperature resistance measurements of the doped and undoped
MBE grown GaAs/InAs core/shell nanowires we have not observed any systematic
difference. In order to reduce the nanowire resistance, the nanowires were grown with
a slightly thicker shell and larger core diameter, see Chap. 3. All the Nb contacted
nanowires in this chapter have a shell thickness of approximately tshell ∼ 45±5 nm and
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a core radius of being dcore ∼ 90nm, cf. Fig. 7.1(d) and Tab. 7.1. The normal state
resistance of the present junction has been found as RN = 3.6 kΩ. The RN value is
extracted from the large bias voltage region where the bias voltage exceeds twice the
superconducting gap of Nb: V  2∆, Fig. 7.1(a) (inset). The normal state resistance
of the junction consists of the nanowire resistance as well as the contact resistance. The
latter is due to a barrier at the interface of the Nb electrodes and the nanowire which
causes a non-ideal interface transparency. To find the contact interface transparency
Tint we have extracted the excess current as Iexc = 43 nA from a large bias (V  2∆)
current-voltage characteristic, cf. inset Fig. 7.1(a). After Ref. [150], we have calculated
eIexcRN/∆ = 0.11 which corresponds to a barrier scattering parameter Z ∼ 1. From
Tint = 1/(1 + Z2) the interface transparency has been found as Tint ≈ 0.5. The
superconducting gap ∆ of the Nb electrodes has been extracted from a temperature
dependent resistance measurement of a Nb thin film where we have found the critical
temperature as Tc ∼ 8K. From the electron-phonon coupling strength ∆ = 3.9kBTc/2
[117] the superconducting gap has been calculated as ∆ = 1.3meV.
Parameters Sample-A Sample-B Sample-C
L (nm) 150 200 350
dcore (nm) 180 180 180
tshell (nm) 45 45 45
RN (kΩ) 3.6 7.8 4.2
ρ (Ω·m) 66.3× 10−5 108.5× 10−5 33.2× 10−5
ETh (µeV) 50 21.5 23
ξN (nm) 30 25.8 46.5
lel (nm) 5.6 5.44 17.8
n3D (cm−3) ∼ 1017 ∼ 1017 ∼ 1017
D (cm2/s) 17 13.1 42.8
Table 7.1: Sample parameters: The contact separation length (L), the GaAs core di-
ameter (dcore) and the InAs shell thickness (tshell) of the nanowires were
determined from scanning electron microscopy images. Normal state resis-
tance (RN ) of sample-A was calculated from the current-voltage character-
istic at T = 0.3K while for sample-B and sample-C it is extracted from
the current-voltage characteristics for a gate voltage Vg = 30V. The resis-
tivity (ρ) of the InAs shell is calculated from the geometrical dimensions
of the nanowires and from RN . The Thouless energy is calculated from
ETh = ~D/L2. The superconducting coherence length (ξN ) in the nanowire
is calculated from ξN =
√
~D/∆. The carrier concentration (n3D) has been
taken from Ref. [163] from which the elastic mean free path (lel) and diffusion
constant (D) has been calculated.
The differential resistance dV/dI of the junction is measured as a function of bias
voltage at a temperature of 0.3K and a magnetic field of 0T, cf. Fig. 7.1(b). The
measurement has been performed by a standard lock-in technique with a small excita-
tion current of 5 nA. At low bias range we have observed two pronounced dV/dI peaks
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Figure 7.1: a) Current-voltage characteristic of Sample-A at a temperature of 0.4K
and magnetic field of 0T. Inset: Large bias current-voltage characteristic,
the linear fit at bias voltage V  ∆ extrapolates to a finite excess cur-
rent Iexc = 43 nA. b) Differential resistance dV/dI as a function of bias
voltage for a temperature of 0.3K and magnetic field of 0T. c) Tempera-
ture dependent differential resistance measurements, the temperature was
increased from 0.8K to 2.2K by 0.2K steps. d) Scanning electron micro-
graph of the measured sample with a Nb contact separation of L = 150nm
(left) and schematic of the core/shell nanowire cross section (right).
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while at high bias regime a broad dV/dI peak is observed. In temperature dependent
differential resistance measurements, cf. Fig. 7.1(c), the peak positions were shifted
towards the zero voltage regime which can be ascribed to subharmonic gap structures
due to multiple Andreev reflection.
7.2 Magnetoresistance oscillations
In the first two parts of this section the magnetoresistance oscillations of the Sample-A
will be introduced as a function of the temperature and a constant dc bias current.
In the last part of this section the magnetoconductance oscillations of Sample-B and
Sample-C will be discussed as a function of gate voltage.
The magnetoresistance oscillation of Sample-A has been measured by a standard lock-
in technique with a 5 nA excitation current while sweeping an in-plane magnetic field
along the nanowire axis, cf. lower right inset of Fig. 7.2. The main result of the
magnetoresistance oscillations for a temperature of 0.3K is shown in Fig. 7.2 in which
the differential resistance against the coaxial magnetic field is plotted. The striking
feature in the figure is the appearance of the pronounced resistance oscillations in the
magnetic field range of −0.8T<B‖<+0.8T. At larger magnetic field ranges B‖>|0.8T|,
however, the oscillations completely vanish, cf. upper inset of Fig. 7.2. In order to find
the critical magnetic field of superconducting Nb thin film which is grown with the
same deposition run of the Sample-A, we have measured the resistance of the thin film
as a function of in-plane magnetic field. The transition from the superconducting state
to the normal state has been found at around Bc‖ = 4T which corresponds to the mid-
point of the transition1. The absence of the oscillations at larger magnetic field ranges
clearly indicates that the origin of the oscillations are related to the superconducting
Nb electrodes.
The upper x-axis of Fig. 7.2 shows the period of the oscillations in Φext/φ0, where
φ0 = h/2e is the magnetic flux quantum. The period of oscillations has been measured
at integer flux quantum numbers which match perfectly to the geometrical cross-section
area of the core part of the nanowire A = 2.5 × 10−14 m2, cf. Fig. 7.1(d). The ampli-
tude of the oscillations, in terms of conductance, has been found to be ∼ 4e2/h after
subtracting a slow varying background. In the lower left inset of Fig. 7.2, the Fourier
spectrum of the oscillation frequency is plotted against its amplitude in arbitrary units.
The sharp-peak at frequency of 11.7T−1 corresponds to 85mT while a small peak at
frequency 23.4T−1 corresponds to 42.5mT.
The characteristic features observed in our magnetoresistance oscillations are the fol-
lowing: 1) The magnetoresistance oscillations are visible only at magnetic fields much
smaller than the critical field of superconducting Nb |B‖|  Bc‖, 2) the oscillations are
h/2e-periodic which is two times smaller than the one found in Ref. [163] with normal
metal electrodes, 3) the amplitude of the magnetoconductance oscillations is around
∼ 4e2/h which is much larger than the mesoscopic Aharonov–Bohm type oscillations
[133, 164, 165], therefore the observed oscillations can not be explained by electron
wave interference in a normal conductor, 4) in the Fourier spectrum of the oscillations
1For perpendicular magnetic field, as expected, we have found a lower critical magnetic field Bc⊥ =
2.8T.
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Figure 7.2: Magnetoresistance oscillations at a temperature of 0.3K, the lower x-axis
shows the coaxial magnetic field scale while the top x-axis shows the cor-
responding magnetic flux Φext in units of φ0. Upper inset shows the
magnetoresistance oscillations for a magnetic field range −6T<B‖<+6T.
Lower right inset shows the schematic of the superconducting Nb contacted
GaAs/InAs core/shell nanowire subjected to an coaxial magnetic field. The
lower left inset shows the Fourier spectrum of the oscillation in arbitrary
unit.
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we have found two peaks which correspond to a period of h/2e and h/4e, 5) at low
temperatures (0.3K-1K) (see Sec. 7.2.1) we have found a saturation of the oscillation
amplitude while at higher temperatures the amplitude of the oscillations monotonously
decays, 6) by tuning the Josephson coupling (see Sec. 7.2.2) we have found a few times
phase-shift of the oscillations at different coupling regimes, 7) by changing the gate
voltage (see Sec. 7.2.3) we have not observed any change in the period and phase of
the oscillations. In the following parts, these observations will be analyzed further.
There have been a few reports in the literature based on a mesoscopic metallic ring
coupled to superconductors in which they have found magnetoresistance oscillations
with a period of h/2e as well as the enhancement of the oscillations amplitude when the
coupled Al metal switches from the normal state to the superconducting state [166, 167].
Although we have also found the enhancement of the oscillation amplitude and the h/2e-
periodic oscillations, our device geometry is substantially different than their ring-shape
geometry. To our knowledge, mesoscopic transport properties of a superconducting
proximity coupled quantum-tube have not been reported so far. This is probably
due to the experimental challenges including the tube circumference playing a crucial
role. That is, the tube circumference should not be too small which requires a large
magnetic field to reach a single flux quantum and that causes the suppression of the
superconductivity of the electrodes. On the other hand, it should not be too large that
the effect of mesoscopic phase coherent transport can be observed. Therefore, all the
samples discussed in this chapter are in this special regime where the superconducting
proximity effect as well as the mesoscopic phase coherent transport can manifest itself.
In the following we will discuss the magnetoresistance oscillations as a function of
temperature, dc bias current and gate voltage, respectively.
7.2.1 Effect of temperature on magnetoresistance oscillations
The magnetoresistance oscillation measurement in Fig. 7.2 has been performed as a
function of the temperature ranging from 0.4K to 2K in 0.2K steps, cf. Fig. 7.3(a).
The amplitude of oscillations monotonously decays with increasing temperature. The
extracted oscillation amplitude (peak-to-peak resistance) Rpp at around zero magnetic
field regime is plotted as a function of temperature in Fig. 7.3(b). At low temperatures
T < 1K a clear saturation of the oscillation amplitude is observed while at higher
temperatures T > 1K the amplitude of the oscillations monotonously decays. The
reason of the saturation of the oscillation amplitude might be that the thermal length
at T = 1K LT =
√D~/(2pikBT ) = 45.5nm is comparable to the superconducting
coherence length in the nanowire ξN ∼ 30nm, cf. Tab. 7.1. At lower temperatures
the thermal length increases thus the transport of the quasiparticles takes place in the
coherent regime. At higher temperatures, however, the thermal length reduces which
causes the loss of the coherent transport, thus a suppression of the oscillation amplitude.
It should be noted that in the complete measured temperature range we have not
observed any change in the oscillation period, i.e., for all temperatures the periodicity
of the oscillations stays constant (h/2e). For temperatures T > 2K we did not observe
any oscillations. In contrast, for a normal metal Ti/Au contacted GaAs/InAs core/shell
nanowires with a slightly smaller core diameter the magnetoresistance oscillations have
been observed up to 60K with a periodicity of h/e at all temperature ranges [168]. For
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Figure 7.3: a) Magnetoresistance oscillations for temperatures ranging from 0.4K to
2K with 0.2K steps. b) The extracted oscillation amplitude (peak-to-peak
resistance) Rpp at around zero magnetic field vs. temperature.
our superconducting Nb contacted nanowire one should also expect magnetoresistance
oscillations at temperatures larger than the critical temperature of Nb T > Tc, but with
a periodicity of h/e which corresponds to the standard Aharonov-Bohm period. The
absence of magnetoresistance oscillations at temperatures T > Tc as well as at magnetic
field B‖ > Bc‖ is attributed to the non-ideal contact material of Nb for normal state
transport measurements.
7.2.2 Effect of constant dc-bias current on magnetoresistance oscillations
In this part, the behavior of the magnetoresistance oscillations at different Josephson
coupling regimes is discussed. The Josephson coupling can be tuned by changing the
junction bias current. This method has been already used for the quasiparticle interfer-
ence effect described in Chap. 5. First, we have measured current-voltage characteristics
at different coaxial magnetic field values. The numerically differentiated resistance is
plotted in color-scale as a function of the dc bias current and the coaxial magnetic field
in Fig. 7.4(a). The prominent feature found in this measurement is the magnetoresis-
tance oscillations at around zero current bias regime at which the middle of the lobes
corresponds to the lowest resistance. Since we have not observed a “true” supercurrent
we could not resolve whether the supercurrent is also oscillating as a function of mag-
netic field or not. At slightly larger bias regimes there are more features which can be
hardly seen due to the numerical differentiation of the current-voltage characteristics.
However, the measurements were also performed by a standard lock-in technique for
larger magnetic field ranges, in order to see such structures more clearly, as shown
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in Fig. 7.4(b). At large bias regime two peaks, which are indicated by green arrows,
monotonously decay with increasing magnetic field. Such behavior is a clear indication
of Andreev reflection which has been observed for all InAs as well as Au nanowires,
see Chap. 5-6 and Chap. 8. The monotonous behavior of the Andreev reflection is due
to the fact that the proximity induced mini-gap in the semiconductor is suppressed at
large magnetic field values. When the bias current is reduced further, a third peak,
which is indicated by a blue arrow, has been observed. Unlike the previous peaks, this
peak is modulating with magnetic field similar to the oscillations at zero bias regime.
The observed peak at finite bias regime has the same period with the one observed at
zero bias regime, more importantly the phase of the peak at larger bias is shifted by pi.
This will be discussed in more detail in the following parts. In Fig. 7.4(c), we plotted
the Fourier spectrum of the oscillations as a function of the bias current. At zero bias
the Fourier spectrum is re-plotted in the lower panel of Fig. 7.4(d) which is represented
by a vertical dashed green line in Fig. 7.4(c). Here, we observed a pronounced peak at a
frequency of 11.7T−1 similar to the one in lower left inset of Fig. 7.2. However, the peak
at 23.4T−1 is not clearly visible, as it was the case in the lower left inset of Fig. 7.2. On
the other hand, the Fourier spectrum of the oscillations showed an interesting behavior
in bias current scale, as shown in the upper panel of Fig. 7.4(d) which is represented
by a horizontal purple dashed line in Fig. 7.4(c). First, the oscillation amplitude is not
a maximum at zero bias but at a finite bias current Idc = 7nA which corresponds to
a half of the switching current Isw ∼ 12nA. Second, the oscillation amplitude reduces
to a minimum at bias current Idc = 20nA while it develops a side peak at Idc = 28nA
again when the bias current is increased further.
In order to see the effect of the bias current more clearly, the magnetoresistance
oscillations have been measured by sweeping the coaxial magnetic field at different
constant dc current values in addition to the 5 nA excitation current. One of the
typical measurement at a temperature of 0.3K is shown in Fig. 7.5 for a constant
dc bias current ranging from 5nA to 45 nA in 5 nA steps. The amplitude, the phase
and the period of the oscillations do not change up to Idc = 15nA. At bias current
Idc = 20nA a decrease of the oscillation amplitude from Rpp = 500 Ω to Rpp = 200 Ω
has been observed at around zero magnetic field regime, while the phase and period of
the oscillations remained the same as for the lower bias values. The minimum oscillation
amplitude has been found for the bias current of 25 nA with Rpp = 100 Ω. At this bias
regime not only a decrease in the amplitude of the oscillations but also a pi-phase shift
has been observed. At Idc = 30nA the amplitude of oscillations increases again with
the same phase as for Idc = 25nA.
More elaborate bias current dependent measurements have been performed for smaller
bias current steps ∆Ic = 3 nA. The color-scaled resistance change δR as a function of
the coaxial magnetic field and the bias current is plotted in Fig. 7.6(a). The resis-
tance change has been calculated by subtracting the slowly varying background of the
magnetoresistance oscillations. As has been discussed above, a clear phase shift of
the oscillations can be seen in the bias current scale. For a constant dc bias current
ranging from 10 nA to 120 nA we have observed the pi-phase switching at ∼ 20nA,
∼ 40nA, ∼ 80nA and at 110 nA. The line-cut plot represented by a black dashed line
in Fig. 7.6(a) is shown in the upper panel of Fig. 7.6(b) in which all the phase switch-
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Figure 7.4: a) Bias current and coaxial magnetic field versus numerically differentiated
resistance in color scale. b) Bias current and coaxial magnetic field versus
color scale differential resistance measured by lock-in amplifier. Green ar-
rows represent the Andreev reflection peaks and the blue arrow indicates
the magnetoresistance oscillations. The color bar is common for (a) and
(b). c) Fourier spectrum of magnetoresistance oscillations of the differen-
tial resistance vs. magnetic field curves. d) Upper panel corresponds to
a line-cut plot represented by the horizontal dashed purple line and lower
panel corresponds to a line-cut plot represented by the vertical dashed green
line. All the measurements were taken at T = 0.3K.
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Figure 7.5: Differential magnetoresistance oscillations at T = 0.3K. The measurements
were taken for different constant dc bias currents ranging from 5nA to 45 nA
in steps of 5 nA. No off-set were introduced.
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ings are visible. The color scaled Fourier spectrum of the measurement is shown in the
lower panel of Fig. 7.6(b) where we have seen a clear peak at frequencies of 11.7T−1
and 23.4T−1, see also lower left inset Fig. 7.2.
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Figure 7.6: a) Color-scale resistance oscillations δR after subtracting the background
as a function of magnetic field and constant dc bias current. The constant
dc bias current is increased from 5nA to 115 nA in steps of 3 nA. b) (upper
panel) Line-cut plot (represented by a black dashed line in (a)) of bias
current versus oscillation amplitude in arbitrary unit. (lower panel) Fourier
spectra of magnetoresistance oscillations for different dc bias current.
7.2.3 Electric field effect on the oscillations amplitude
In this section, we will discuss the magnetoconductance oscillations as a function of
back-gate voltage for Sample-B and Sample-C. All measurements were performed in
a variable temperature insert (VTI) with a base temperature of 1.8K. The nanowires
that have been used for the junctions are undoped. Unlike the previously discussed
Sample-A for which a Si flux was introduced during InAs shell growth, here the InAs
shell was grown without any Si flux. In the current-voltage characteristic (not shown)
of Sample-B and Sample-C, we did not observe any indication of the switching current
as we have observed for Sample-A, cf. Fig. 7.1(a). Moreover, in the differential resis-
tance measurements (not shown) of these samples, we did not observe any subharmonic
gap structures which we have clearly resolved for Sample-A, cf. Fig. 7.1(b). One of the
reason might be that the measurement temperature is too high (T = 1.8K) that the
switching current is suppressed by thermal smearing. Note that the samples are in the
long junction transport limit (L ξN and ∆ ETh, cf. Tab. 7.1), which means that
the switching current value exponentially decays as the temperature is increased [152].
Another reason can be that the switching current in the current-voltage characteristics
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as well as the subharmonic gap structures in the differential resistance measurements
are suppressed by the electrical noise from the measurement leads. This is because,
in contrast to the He-3 cryostat, we do not have any low-pass RC filters in the VTI
cryostat. It should be noted that, although the switching current and subharmonic
gap structures are suppressed due to the absence of low-pass filters and high temper-
ature, we made sure that the Nb electrodes are in the superconducting state. The
measurement of the resistance of Nb thin film as a function of temperature showed a
clear transition from normal state to the superconducting state at around T ≈ 8K.
In the following, we will focus only on the measurements of the magnetoconductance
oscillations as a function of gate voltage.
The main difference between Sample-B and Sample-C is the junction length which is
about L ∼ 200 nm and L ∼ 350nm, respectively. The scanning electron micrograph of
the samples are shown in Fig. 7.7(a) (inset) and in Fig. 7.7(b) (inset) for Sample-B and
Sample-C, respectively. Prior to magnetoconductance oscillations measurements, we
have checked if the gate voltage has any effect on the conductance of the nanowires and
if so at which gate voltage values the conductance is maximum. Large conductance is
important to increase transmission probability of the electrodes thus clearly resolve the
magnetoconductance oscillations. Typical gate voltage dependent conductance traces
of the nanowires are shown in Fig. 7.7(a) and (b) for Sample-B and Sample-C, respec-
tively. For both samples a linear increase of the conductance, which is superimposed
to universal conductance fluctuations, has been observed for the gate voltages ranging
from ∼ 20V to 40V.
The magnetoconductance oscillations of Sample-B and Sample-C are shown in Fig. 7.7(c)
and (d) for gate voltages Vg = 33V and Vg = 35V, respectively. The measurements
have been performed by a standard lock-in technique with an excitation current of
10 nA. The external magnetic field was swept parallel to the nanowire axis for which the
upper x-axis represents the corresponding magnetic flux in Φext/φ0, where φ0 = h/2e
is the magnetic flux quantum. The insets of the figures show the Fourier spectrum
of the oscillations in which for both samples a distinct peak has been observed at a
frequency of 20T−1 corresponding to a magnetic field period of 50mT. Considering the
cross-sectional area of the nanowires A ≈ 2.5 − 5.7 × 10−14 m2, the oscillations have
a period of single flux quantum h/2e. The only difference between these two sam-
ples are the amplitude of the oscillations, i.e., the oscillation amplitude of Sample-C is
slightly smaller than the Sample-B. Due to the smaller magnetoconductance amplitude
of Sample-C the measurement signal is slightly distorted compared to Sample-B. In
the following we have performed magnetoconductance oscillations as a function of gate
voltage where the amplitude of the oscillations will be analyzed in more detail.
The detailed measurements on magnetoconductance oscillations have been performed
by sweeping the coaxial magnetic field at each constant gate voltage. The measurement
results are shown in Fig. 7.8(a) and (b) where we have plotted the conductance in e2/h
as a function of the gate voltage Vg and the magnetic field in color-scale. Note that
the slowly varying background is already subtracted. For Sample-B the gate voltage
varied from 20V to 40V in 50mV steps, cf. Fig. 7.8(a). Although the magnetocon-
ductance oscillations can be seen in the entire range of the gate voltage, at Vg < 25V
the oscillations are distorted. Similar behavior has been observed with normal metal
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Figure 7.7: a) Gate voltage dependent conductance measurements of Sample-B. Inset:
Corresponding scanning electron micrograph of the sample. b) Gate voltage
dependent conductance measurements of Sample-C. Inset: Corresponding
scanning electron micrograph of the sample. c) Magnetoconductance oscil-
lations of Sample-B at a gate voltage of 33V. Inset: Fourier spectrum of
magnetoconductance oscillations of sample-B. d) Magnetoconductance os-
cillations of Sample-C at a gate voltage of 35V. Inset: Fourier spectrum of
magnetoconductance oscillations of sample-C. All the measurements were
carried out at T = 1.8K.
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Figure 7.8: Color scale differential conductance versus back gate voltage and coaxial
magnetic field of sample-B (a) and sample-C (b). Fourier spectrum of
magnetoconductance oscillations of sample-B (c) and sample-C (d). The
measurements were performed at T = 1.8K.
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contacted GaAs/InAs core/shell nanowires in which the oscillations could be observed
for positive gate voltages only [163]. The magnetoconductance oscillations have been
performed for Sample-C for gate voltages ranging from 27V to 40V in 50mV steps,
cf. Fig. 7.8(b). Similar to Sample-C, here we have also observed a regular oscillations
at entire gate voltage range. The Fourier spectrum of the oscillations of Sample-B and
Sample-C is shown in Fig. 7.8(c) and (d), respectively. For both samples the oscilla-
tions are observed at a frequency of 20T−1 which does not change in the measured
gate voltage range.
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Figure 7.9: Magnetoconductance oscillations for Sample-B after averaging over gate
voltages ranging from 15V to 20V (a) and from 20V to 40V (b). For
sample-C the oscillations are averaged over gate voltages ranging from 25V
to 40V (c).
The amplitude of the magnetoconductance oscillations is further analyzed by averag-
ing over the gate voltages. For Sample-B the oscillations were averaged over two gate
voltage regimes as shown in Fig. 7.9(a) and (b) for gate voltages ranging from 15V
to 20V and 20V to 40V, respectively. For both gate voltage ranges clear oscillations
can be seen with an oscillation amplitude about 0.04 (e2/h). The magnetoconductance
oscillations for Sample-C is shown in Fig. 7.9(c) with a gate voltage ranging from 25V
to 40V. For this sample we have observed a smaller oscillation amplitude 0.03 (e2/h).
Although the amplitude of the oscillations are in the same order of magnitude, they
are distorted for Sample-C. The distortions of the oscillations might be due to its larger
electrode spacing, cf. Tab. 7.1. It should be noted that all other parameters such as
nanowire cross-section area, conductance of the nanowires and measurement tempera-
ture are the same. In order to explain the non-uniform oscillations for Sample-C, we
have to compare the phase coherence length lφ and the junction length. The phase
coherence length of similar nanowires with smaller core diameter (100 nm) and shell
thickness (25 nm) has been investigated by normal metal electrodes in the same mea-
surement setup [163]. A single nanowire has been contacted by several electrodes with a
different contact separation: 70 nm, 220 nm and 370 nm. For all the nanowire segments
universal conductance fluctuations have been measured as a function of perpendicu-
lar magnetic field for different temperatures. In a root-mean-square conductance vs.
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temperature measurement a clear saturation of the conductance has been observed at
around ∼ 4K for the nanowire segments 70 nm and 220 nm. For the nanowire segment
with 370 nm contact separation, however, a tendency of conductance saturation could
be visible only at around T = 2K. We inferred from these measurements that the
phase coherence length of our nanowires is less than 370 nm for a temperature T = 2K.
Therefore, it is reasonable to conclude that the Sample-B is entirely in the phase co-
herent transport regime while the contact separation length of Sample-C is in the order
of phase coherence length.
To summarize, we have observed pronounced magnetoconductance or magnetoresis-
tance oscillations in all measured devices. The oscillations have a period of h/2e. At a
temperature of 0.5K, the amplitude of the oscillations is larger than ∼ 2 e2/h. A large
number of similar nanowires were contacted by normal metal electrodes in which the
oscillations showed h/e periodicity with an amplitude of ∼ 0.3 e2/h [163, 168]. More-
over, in nanowires contacted with a normal metal, the oscillations survive up to 10T,
the largest magnetic field applied, and at a temperature of 60K, while in nanowires con-
tacted with superconducting Nb, the oscillations were observed up to a magnetic field of
0.8mT and a temperature of ∼ 2K. The oscillations in nanowires contacted with super-
conducting Nb can not be explained within the framework of mesoscopic electron wave
interference in normal conductors. This is due to the observed oscillation amplitude
being larger than the theoretically predicted fundamental amplitude of ∼ 2 e2/h [83].
Although we do not have a quantitative explanation, the observed oscillations clearly
originate from the long-range coherence maintained by the superconducting electrodes.
We believe that the observed oscillations are based on the phase-conjugated electron-
hole pairs, i.e, the Andreev bound states in our tubular weak link. The phase of the
electrons and the holes encircling a magnetic flux in the tubular weak link is modified
by the external magnetic field which causes their interference, thus oscillations in the
differential resistance.
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In the present chapter the proximity induced superconductivity in the single crystalline
Au nanowires with superconducting Nb electrodes is studied. The chapter consists of
two main parts. In the first part the basic transport properties of the Josephson
junctions, such as temperature and magnetic field effect on the Josephson current,
will be introduced. In the second part, as one of the important applications of the
Josephson junction, the direct current superconducting quantum interference device
(DC-SQUID), based on Au nanowires, is discussed.
8.1 Nb/Au-nanowire/Nb Josephson junctions
8.1.1 Transport properties of Au nanowires with normal metal electrodes
In order to get an idea about the transport properties of Au nanowires in the absence of
the proximity effect, we have contacted the nanowires by normal metal Ti/Au electrodes
in a four-terminal geometry, cf. Fig. 8.1 (inset). The nanowire diameter is 90 nm and
the inner electrode separation is about 880 nm. In Fig. 8.1 the resistance of the device
as a function of temperature is depicted. The measurement has been performed by
applying a current to the outer electrodes and measuring the voltage from the inner
electrodes. A linear decrease of the resistance with temperature has been found down
to 20K. When the temperature is decreased further the resistance tends to saturate. At
the lowest temperature, T = 4K, the measured resistance is around R = 2.5 Ω. At this
temperature the resistivity of the nanowire has been found as ρAu ∼ 1.88µΩcm. Such
low resistivity confirms a good crystallinity of the Au nanowires. Moreover, we have
performed a room temperature measurement to find out Au nanowire failure current
density, i.e., the ratio of failure current over the cross-section area. We have found
the failure current density 5.2× 106 A/mm2 for a nanowire with diameter 37 nm. The
detailed analysis concerning the failure current density can be found in Ref. [114].
8.1.2 Supercurrent in Nb/Au-nanowire/Nb junctions
In Fig. 8.2 the current - voltage (IV ) characteristic of the Josephson junction (sample:
NB01-A2-3) at T = 0.5K is shown. The corresponding scanning electron micrograph
of the junction is shown in the lower inset of Fig. 8.2 with superconducting Nb elec-
trode separation L = 90 nm and diameter of the nanowire d = 100 nm. The critical
current of the junction Ic, at which the junction switches from zero voltage to a finite
voltage state, has been measured as 76µA, while the return current value Ir, which
is defined by the switching from the voltage state to the superconducting state, has
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Figure 8.1: Typical temperature dependent resistance measurement of an Au nanowire
with four Ti/Au normal metal contacts (inset). The measurement has been
performed by applying current to the outer electrodes while measuring volt-
age drop over the inner electrodes.
been measured as 20µA. The corresponding critical current density has been found as
Jc = 9.7×105 A/cm2, which is about three orders of magnitude larger than the semicon-
ductor nanowire-based junctions [9, 169, 11, 13]. The IV characteristic of the junction
is found to be hysteretic. The magnitude of the hysteresis in the IV characteristics of
the Josephson junctions is usually defined by the critical current and return current
ratio Ic/Ir, which is around 3.8 for this particular junction. The observed large hystere-
sis in the planar mesoscopic Nb/Au-nanowire/Nb Josephson junction can be explained
according to Courtois et al. [5] by the increase of the electron temperature in the weak
link once the junction switches to the resistive state (see Chap. 4 for the details). For
the present case, the power density P = I2R just above Ic is 160µW/µm3. Such a
high power density close to the Ic value explains the large hysteresis in the junction.
Furthermore, in the IV characteristic of the junction one can see step like structures
which are believed to arise from the large quasiparticle temperature at voltage state.
When the junction bias is ramped down from the voltage state through the supercon-
ducting state, the temperature of the quasiparticles is gradually decreased in contrast
to the sharp transition from superconducting state to the voltage state. This is due
to the large power density just above Ic which can not be dissipated in a short time.
Finally, it should be noted that, owing to the negligibly small geometrical capacitance
of the inert noble metal Au nanowire, no hysteresis is expected in the framework of the
RCSJ model [32].
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Figure 8.2: Current voltage characteristic of sample NB01-A2-3. The measurement
has been carried out at T = 0.5K with forward and reverse current bias
directions as indicated by arrows. The upper inset shows the large bias
range. The excess current Iexc has been found by a linear fit at voltages V 
2∆/e. The corresponding scanning electron micrograph of the junction is
shown in the lower inset.
One of the most prominent features of the present junction is the large IcRN prod-
uct. In technological point of view the IcRN product is known as “figure of merit” or
“characteristic voltage” of the Josephson junctions and it is a measure of the junction
performance. The normal state resistance RN of the junction has been measured by
applying a high bias current (∼ 400µA) and measuring the voltage above 2∆/e, with
∆ the superconducting gap of Nb. It can be clearly seen in Fig. 8.2 (upper inset) that
this limit is reached for currents larger than about 250µA, where RN value of 40.6 Ω is
extracted. This results in an IcRN product of 3.08mV. For SNS type Josephson junc-
tions, to our knowledge, it is the largest value reported so far. Remarkably, the result is
in good agrement with theoretically predicted value for short-diffusive junction regime
[170], IcRN = 2.08∆0 ≈ 3.01mV. Furthermore, to support such a large IcRN value, the
interface transparency T of the junction has been calculated. From the excess current
Iexc ∼ 95µA, which was extracted from the linear fit to the IV -curve for V > 2∆/e
(cf. Fig. 8.2(upper inset)), we determined eIexcRN/∆ ∼ 2.66. Following Ref. [150], the
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resulting value of T is close to unity.
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Figure 8.3: a) Current voltage characteristic of sample YG11-C3-1, the measurement
performed for both forward and reverse current bias directions at a temper-
ature of T = 0.45K, b) Normal state resistance RN versus critical current
Ic in double logarithmic scale for six measured junctions.
Although almost excellent Josephson properties have been observed for sample NB01-
A2-3, for other measured devices (e.g. sample: YG11-C3-1) the Josephson current was
relatively small, as shown in Fig. 8.3(a). For this particular junction the superconduct-
ing Nb electrode distance was about 370 nm and the nanowire diameter was 130 nm.
The measured Ic was around 183 nA with very small hysteresis in the IV characteristic.
Such small hysteresis is attributed to the low power density at vicinity of Ic.
All measured junction’s normal state resistanceRN versus Ic are summarized in Fig. 8.3(b).
As expected, the large normal state resistance lead to small critical current, cf. Chap. 4.
In principle, the normal state resistance of the junctions is expected to be low due to the
low resistivity of Au nanowires, see Fig. 8.1. However, the total normal state resistance
includes also the contact interface resistance. Therefore, for the junctions which have a
large normal state resistance and low critical current, the interface transparency is low.
There are two possible reasons for the low interface transparency. First, there might
be a surface contamination on the Au nanowires prior to the Nb deposition which can
cause low interface transparency thus large RN . The second reason can be that the
chemical etching of the polycarbonate membrane material around the nanowires by
dichloromethane (CH2Cl2) prior to the device fabrication process (see Chap.3) wasn’t
sufficiently etched, so that a finite thickness of the polycarbonate membrane around
the nanowires can lead to the large contact resistance or low interface transparency.
8.1.3 Effect of temperature on the junction transport
In this part the Josephson properties of the Nb/Au-nanowire/Nb were studied as a
function of temperature. The differential resistance dV/dI of the junction as a func-
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tion of bias current at different temperatures was measured and the result is shown in
Fig. 8.4(a). The junction was forward current biased and the voltage was recorded.
For each measurement the temperature was increased in 0.1K steps. The measure-
ments were also performed via standard lock-in technique and a typical measurement
at T = 2K is shown in Fig. 8.4(b) (see also black line in Fig. 8.4(a)). As can be seen
in the color plot, there are a number of peaks which are indicated by arrows. The
corresponding colored arrows at T = 2K indicate the voltage peak positions of the
differential resistance in Fig. 8.4(b). In the following the possible origin of these peaks
will be discussed.
As discussed in Sec. 8.1.2, instead of a sudden voltage switching, the gradual decrease
from the resistive branch to the superconducting state has been observed. Due to the
high power density just above Ic the transition takes place until the complete heat
power is dissipated. During the transition step-like structures in the IV characteris-
tic (cf. Fig. 8.2) thus the peaks in the dV/dI measurements have been observed (cf.
orange arrows). At slightly larger voltages another peak has been observed which is
indicated by purple arrows. As can be seen in the color plot, the amplitudes of these
peaks are very small compared to the others. Moreover, they are not symmetric at
around T = 5K and do not collapse at critical temperature Tc of the superconducting
Nb. Therefore, for these peaks (indicated by orange and purple arrows), the possibility
of being subharmonic gap structures due to the multiple Andreev reflection (MAR) is
ruled out.
At larger bias values, there are two more peaks which are indicated by gray arrows.
In order to get an insight into the physical origin of these peaks, the Tc of Nb has
been measured separately and found to be around Tc ∼ 7.2K, cf. Chap. 3. From the
electron-phonon coupling strength for T = 0K, the energy gap of the superconducting
Nb has been found as ∆ ∼ 1.2meV [117]. The observed peak positions at 1.4mV and
2.8mV are close to the superconducting gap ∆ and to 2∆, respectively. As can be
seen in the color plot, although the lower energy peak disappears at around T = 6K,
the higher energy peak disappears at above Tc of Nb. This is deviate from the usual
behavior of MAR peaks, as the MAR peaks are expected to disappear at the same
temperature [171, 156]. The self-heating effect [5] has also been considered. However,
due to the decrease of the peak position from higher energies to lower energies with
increasing temperature, this possibility has also been ruled out. Consequently, at this
stage it is difficult to figure out the exact physical origin of the observed peaks. It has
been speculatively pointed out by Jung et al. [8] that the large supercurrent in metallic
weak links can cause the suppression of the MARs due to the severe Joule heating.
This is also plausible for the present case, since the power density is very high above Ic.
In Fig. 8.4(c) the differential resistance versus biased voltage for sample YG11-C3-1 is
shown. The observed peaks in the dV/dI curve are indicated by red arrows. Unlike the
previous junction, here the peak positions are fit well to the Vn = 2∆/ne, for which the
peaks corresponds to n = 4 and 20. Eventually, the observed peaks were attributed to
the subharmonic gap structures due to the MARs.
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Figure 8.4: a) Numerically differentiated resistance dV/dI in color-scale as a function of
bias current and temperature at B = 0T (sample: NB01-A2-3). The dark
brown region represents the supercurrent while the boundaries correspond
to the critical current and return current as indicated by white arrows.
The other colored arrows indicate the differential resistance peaks (see the
text for the explanations), b) Differential resistance versus bias voltage at
a temperature T = 2K, the corresponding measurement is indicated by
the black dashed line in (a), the colored arrows represent the corresponding
peaks in (a), c) Differential resistance versus bias voltage for sample YG11-
C3-1 at temperature T = 0.4K, the red arrows indicate the subharmonic
gap structures.
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In Fig. 8.4(a) the critical current Ic and return current Ir values are indicated by
white arrows. Since the current is forward-biased, the supercurrent (dark-brown region)
is non-symmetric for T . 1.5K. The corresponding values of Ic and Ir are plotted in
Fig. 8.5(a). The Ic value monotonously decays as a function of temperature. At around
2.5K Ic is suppressed while at lower temperatures Ic tends to saturate, which is an
indication of ideal contact interface transparency [172]. The Ir value remains constant
until 1.5K and it merges with the Ic at above 1.5K, hence no hysteresis is found.
For a quantitative analysis the diffusion constant D = 140 cm2/s and electron mean
free path lel = 30 nm were extracted from transport measurements which leads to a
normal metal coherence length of ξN =
√
~D/∆0 = 80 nm and a Thouless energy
ETh = ~D/L2 ∼ 1.63meV. From length and energy scale parameters respectively,
L ≈ ξN > lel, ETh ≈ ∆0 the junction falls into the intermediate transport limit,
between short and long diffusive junctions [152]. The measurement results are first
compared to the short and diffusive junction model of Kulik and Omelyanchuk theory
[170], represented by the solid brown curve in Fig. 8.5(a). According to the model one
should expect an observable Josephson current even up to the Tc of Nb. In contrast,
the Ic value exponentially decays already at intermediate temperatures. Moreover, the
values obtained from the theoretical model considerably deviate from the experimental
Ic values.
On the other hand, the measurement results are compared to the long and diffusive
junction model [152] (cf. Fig. 8.5(a) (solid red line)). The model fits relatively well
to the experimental result, in particular at the intermediate temperatures. At low
temperatures, however, the theoretically obtained values are almost two times larger
than the experimental values. A similar difference was also found by Angers et al. [6].
To fit the experimental data to the long junction model we have used the ETh as the
fitting parameter. From the model we have found EfitTh = 16.3µeV. The difference in
ETh and EfitTh has been also found by Carillo et al. [173]. They have characterized SNS
junctions with different geometries. There, they have found a large difference between
ETh and EfitTh in the junctions whose temperature dependent critical current decays
exponentially. In contrast, for the junctions whose critical current decays slowly as a
function of temperature, they have found similar ETh and EfitTh . The main difference
between these two behaviors has been attributed to the ratio of interface resistance and
normal metal resistance [172], i.e., the larger ratio corresponds to the larger difference
in ETh and EfitTh .
Due to the large electrode separation L ∼ 370 nm of the second junction (cf. Fig. 8.5(b))
and from L > ξN  lel the theoretical model for the extreme long junction limit
[152], eIcRN = aETh[1− b exp (−aETh/3.2kBT )], has been applied. In order to fit the
experimental result to the model only a = 1.81 and b = 1.25 coefficients have been used
as fitting parameters and the Thouless energy ETh = 66µeV has not been changed
during fitting. As shown in the figure (solid red line) the fitting result is similar to the
previous junction, cf. Fig. 8.5(a).
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Figure 8.5: a) Critical current Ic and return current Ir values extracted from Fig. 8.4(a)
as a function of temperature for sample NB01-A2-3. The solid brown curve
represents the Ic values calculated from the short-diffusive junction model
while the solid red curve shows the values calculated from the long-diffusive
junction model. b) Critical current vs. temperature for sample YG11-
C3-1. The solid red curve shows the values obtained from the calculated
long-diffusive junction model.
8.1.4 Effect of magnetic field on the supercurrent
The effect of externally applied perpendicular magnetic field on the critical current of
the Josephson junctions has been discussed in Chap. 2. Based on these explanations,
the experimental results of the Nb/Au-nanowire/Nb junctions will be discussed in this
section. In Fig. 8.6(a) the measurement of sample NB01-A2-3 is shown. Here, the
current-voltage characteristic of the junction has been performed in the forward current
bias direction at T = 0.5K. For each measurement the magnetic field increased by 1mT.
In the figure, the bias current and magnetic field are plotted against the color scaled
numerically differentiated resistance. The black area corresponds to the supercurrent
region at which the boundaries of the positive bias current correspond to the critical
current of the junction while the negative bias current region corresponds to the return
current. One of the prominent features found in the measurement is the fluctuation of
the critical current in the vicinity of zero magnetic field: −50mT. B . 50mT. In
order to deduce wether the fluctuations are random, due to the external circuitry noise
or thermal fluctuations, the measurement has been repeated several times in forward
and reverse sweep direction of the magnetic field. The performed results are shown in
Fig. 8.6(b) and (c). The measurements have been carried out in a similar fashion as
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in Fig. 8.6(a). In Fig. 8.6(b) and (c) the extracted critical current values are plotted.
In Fig. 8.6(b) the measurement has been repeated three times with forward magnetic
field sweep direction, as indicated by black arrows. As can be seen in the figure, when
the magnetic field reaches around -50mT, the critical current starts to fluctuate and
after crossing the zero magnetic field, the abrupt decrease of the critical current with
fluctuations up to 50mT has been observed. The fluctuations are well reproduced.
Further measurements have been carried out by sweeping magnetic field in opposite
direction (indicated by black arrow) as shown in Fig. 8.6(c). Interestingly, when the
sweep direction of the magnetic field is reversed the abrupt decrease of the critical
current has been observed again after crossing zero magnetic field. Similar to the
previous measurements, here also reproducible fluctuations have been observed. The
source of the observed critical current fluctuations were not understood in the course
of writing this thesis. In the following we will focus on the monotonous behavior of the
critical current as a function of magnetic field.
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Figure 8.6: a) Color scale differential resistance plotted against forward bias current
and magnetic field at T = 0.5K, the black region represents the supercur-
rent while the borders of the positive bias current region correspond to the
critical current, b) The extracted critical current values as a function of
forward sweep direction of magnetic field as indicated by the black arrow.
The measurement was repeated three times, in order to show the repro-
ducibility of the critical current fluctuations around zero magnetic field, c)
Similar measurement as in (b) but for the reverse sweep direction of the
magnetic field at T = 0.5K.
For a quantitative analysis of the critical current, the measurement results are replot-
ted in Fig. 8.7. The overall behavior of the critical current is a monotonous decay as the
magnetic field increased. The complete suppression of the critical current is observed at
around 0.12T. Similar to the Nb/InAs-nanowire/Nb junctions (cf. Chap. 4), here the
measurement result has been also compared to the theoretical model of Bergeret and
Cuevas [23]. From their narrow junction model the characteristic field has been found
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as B0 = φ0/LW ∼ 0.48T, where φ0 is the magnetic flux quantum, L andW are the dis-
tance between superconducting electrodes and the width of the nanowire, respectively.
From B0 the calculated magnetic length has been found as ξB = φ0/B0 ∼ 70 nm, which
is comparable to the width of the nanowire, ξB ∼ W . Due to unfavorable conditions
for the formation of the vortices in the nanowire, the magnetic field plays a pair break-
ing role and that results in the monotonous dependence of the critical current rather
than in a Fraunhofer diffraction-like pattern. To compare the results, the latter one
is represented by solid red curve and the calculated narrow junction model result is
indicated by solid blue curve in Fig. 8.7. In order to fit the narrow junction model to
the experimental result, the area of the junction has been used as a fitting parameter.
The obtained area from the fitting is approximately two times larger than the area of
the junction which was obtained from scanning electron microscopy image (cf. Fig.8.2
(lower inset)). This is reasonable because the number of flux quanta in the junction
area is larger than expected due to the flux focusing effect [174, 175]. Consequently
the experimentally measured result is explained well by the narrow junction model in
particular in the finite magnetic field region.
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Figure 8.7: The extracted critical current values from Fig. 8.6(a) as a function of mag-
netic field. The solid blue curve represents the results from the narrow
junction model (upper x-axis). The red solid curve shows the standard
Fraunhofer diffraction patterns Φext/φ0 (bottom x-axis).
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8.2 Gold nanowire proximity DC-SQUIDs
The theoretical background and operation principle of the dc-SQUIDs were introduced
in Chap. 2. In this section the single crystalline Au nanowires, which have been used
for the single Josephson junction, will be used as a weak link in a dc-SQUID. The ex-
perimental results of the basic Josephson properties of the dc-SQUID will be presented
in the first part of this section. In the second part, the dc-SQUID results, such as
bias current and temperature dependent voltage oscillations as well as magnetic field
dependent critical current modulations, will be discussed.
8.2.1 Josephson properties of Nb/Au-nanowire/Nb SQUID
The scanning electron micrograph of the measured SQUID is shown in Fig. 8.8. The
SQUID arms as well as the junctions are designed to be geometrically identical. Here the
interruption between two SQUID arms has a distance about 310 nm and the geometrical
area of the SQUID is about 18µm2.
2mm
Au
-w
ire Nb
Nb
Figure 8.8: Scanning electron micrograph (false color) of a measured SQUID sample
(YG11-E1-4).
In Fig. 8.9 the current voltage characteristic of the SQUID device at T = 0.4K
is shown. In the figure two measurements with forward (dashed line) and reverse
(continuous line) current bias directions are superimposed. As can be clearly seen,
the current-voltage characteristic of the SQUID is non-hysteretic which means that the
critical current and the return current are identical (Ic = Ir = 9µA). It is known that for
a high-performance SQUID operation, a non-hysteretic current voltage characteristic is
desirable. To obtain a non-hysteretic current voltage characteristic an external shunt
resistor is usually used. However, this approach reduces the sensitivity of the SQUID
by additional noise (Johnson noise) from the shunt resistor [77, 69]. The natural non-
hysteretic current voltage characteristic of the present device is, therefore, expected
to increase the sensitivity of the SQUID. The hysteresis of the Josephson junction
has been discussed previously in the concept of hot charge carrier injection into the
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normal metal (see sec. 8.1.2). Unlike the single junction device, here the calculated
power generation just above Ic is in the order of pW/µm3 thus a non-hysteretic current
voltage characteristic is expected for such a low power [5].
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Figure 8.9: Current-voltage characteristic of the SQUID. The measurement is per-
formed with forward (dashed curve) and reverse (continuous curve) bias
current direction at a temperature T = 0.4K.
The current-voltage characteristic of the SQUID sample is characterized as a function
of temperature and the results are shown in Fig. 8.10(a). In Chap. 4, the current-
voltage characteristic of Nb/InAs-nanowire/Nb junctions as a function of temperature
has been discussed. There, we observed a supercurrent up to ∼ 4K. In contrast to the
Nb/InAs-nanowire/Nb junctions, the supercurrent for Nb/Au-nanowire/Nb sample is
observed up to T = 2K. The fast decay of the supercurrent with the temperature for
Nb/Au-nanowire/Nb sample is due to the fact that the junction is in the “extreme-long”
transport limit [152, 8]. In the following, we will discuss the results in detail.
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Figure 8.10: a) Current voltage characteristics of the SQUID for different temperatures.
The measurements have been performed in forward current bias direction.
b) The corresponding critical current (♦) Ic and return current (5) Ir
values are plotted as a function of temperature. The red solid curve is the
calculation according to the long diffusive junction model.
In Fig. 8.10(b) a detailed measurement of the temperature dependent critical current
is shown. As discussed earlier, due to the non-hysteretic current-voltage characteristic,
the critical current Ic and the return current Ir follow almost the same path when the
temperature is increased. The measurement results have been analyzed within the long
diffusive transport regime which has been introduced by Dubos et al. [152]. In their
quasiclassical model the temperature dependent critical current has been defined as
Ic = (aETh/eRN )[1 − c exp (−aETh/3.2kBT )], where ETh and RN are the Thouless
energy and normal state resistance of the SQUID sample respectively.1 As shown in the
figure the experimental results are relatively well explained by the theoretical model.
The theoretical result has been obtained by using a = 3.7, b = 1.2 and ETh = 35µeV as
fitting parameters. From the transport measurements a Fermi velocity vF and an elec-
tron mean free path lel has been found as 1.39× 108 cm/s and 34nm, respectively. The
coherence length in the normal metal has been found as ξN =
√
~ D3D/∆0 = 94 nm,
where D3D = 160 cm2/s is the diffusion constant and ∆0 = 1.2meV is the supercon-
ducting gap. From the length of the junction L = 310nm and D3D the Thouless
energy has been determined as ETh = ~ D3D/L2 ∼ 109µeV, which is in the same order
of magnitude as the one obtained from the theoretical model. From the length scale
parameters L > ξN > lel as well as the energy scale parameters ∆0  ETh the SQUID
sample is in the long diffusive transport regime [152].
1See also Sec. 8.1.3
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Figure 8.11: a) Differential resistance dV/dI vs. bias voltage of the SQUID at T =
0.3K. The subharmonic gap structures are indicated by gray arrows with
respective Andreev reflection indices n, b) The inverse Andreev reflection
index vs. corresponding voltage peak positions. The solid line represent
the linear fit.
One of the unique features, which have been found in our SQUID sample are the
high order multiple Andreev reflection peaks, as shown in Fig. 8.11(a). The Andreev
reflection peaks are indicated by arrows according to the formula Vn = 2∆0/en, where
n = 1, 2, 3, ... and ∆0 ∼ 1.2meV is the superconducting gap. The highest order of the
Andreev reflection peaks has been observed for n = 9. In the figure more structures
have been observed between n = 2 and n = 3. Since they are not multiples of ∆0
they cannot be assign to multiple Andreev reflections. The origin of these peaks or
dips is unclear. In Fig. 8.11(b) the peak positions Vn are plotted against the inverse
index 1/n. As expected for the multiple Andreev reflections, the peak positions can be
linearly fitted. Here, the slope of the linear fit gives the 2∆0 = 2.3meV.
8.2.2 Proximity Nb/Au-nanowire/Nb DC-SQUID operation
In order to operate the dc-SQUID, cf. Fig. 8.8, first the bias current is determined
Ibias for which the magnetic field dependent voltage oscillation amplitude is maximum.
The voltage oscillations as a function of the flux Φext/φ0 penetrating the ring area
are shown in Fig. 8.12(a) for Ibias ranging from 5µA to 25µA in steps of 2µA. Here,
φ0 = h/2e is the magnetic flux quantum. As shown in the figure, for Ibias < Ic no
SQUID oscillations are found. The SQUID voltage oscillations start to appear when
Ibias approaches Ic. The maximum oscillation amplitude has been found for Ibias = 9µA
being close to the Ic, cf. Fig. 8.9. As expected, by further increasing Ibias the voltage
oscillation amplitude reduces again. The amplitude of the SQUID oscillations vs. Ibias
is plotted in Fig. 8.12(b) (green curve). For the optimum bias current Ibias = 9µA
the SQUID voltage amplitude has been measured as V ∼ 12µV. In this bias regime
the flux-to-voltage transfer coefficient has been found as, |dV /dΦext|max ∼ 173µV/φ0
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(cf. Fig. 8.12(b)), which produces an output voltage in accordance of a small exter-
nal flux variations. The resolution of the SQUID can be characterized by the flux
noise spectral density SΦ, which depends on the flux-to-voltage transfer coefficient:
SΦ = SV /(dV /dΦext)2, where SV is the voltage noise spectral density. From the nor-
mal resistance of the SQUID RN ∼ 15 Ω the voltage noise spectral density has been
obtained as S1/2V =
√
4kBTRN ∼ 20.4 pV Hz−1/2. The corresponding flux noise spectral
density has been found as S1/2Φ ∼ 0.12µφ0Hz−1/2. Here, only intrinsic noise has been
considered. However, more elaborate noise measurements and their analysis should be
carried out.
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Figure 8.12: a) The SQUID voltage oscillations as a function of external flux Φext/φ0
for different bias currents Ibias at T = 0.5K. The measurements have
been performed with a constant bias current ranging from Ibias = 5µA to
Ib = 25µA with a step size of 2µA, b) The corresponding SQUID voltage
amplitude () (left y-axis) and the maximum voltage transfer function
Max|dV/dΦ| (5) (right y-axis) as a function of bias current.
In the short diffusive transport regime the proximity effect is governed by the su-
perconducting gap resulting the supercurrent up to the Tc of the superconducting elec-
trodes. However, in the long and diffusive transport regime the proximity effect is
controlled by the Thouless energy causing the rapid decrease of the supercurrent with
temperature. As has been discussed in Sec. 8.2.1, the present dc-SQUID is in the long
and diffusive transport regime, therefore not only the basic Josephson properties but
also the transport properties of the SQUID are controlled by the Thouless energy. In
Fig. 8.13(a) the measurement result of the SQUID voltage oscillations vs. magnetic flux
for different temperatures is shown for Ibias = 9µA. Here, the temperature is increased
from 0.7K to 2.4K in steps of 0.1K. Fig. 8.13(b) (green curve) shows the respective
voltage amplitude as a function of temperature. Similar to the critical current of the
SQUID, cf. Fig. 8.10, here the voltage oscillations also rapidly decrease with temper-
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ature as a consequence of the long diffusive junction. On the other hand, the flux-to-
voltage transfer coefficient remains almost constant, |dV /dΦext|max ∼ 173µV/φ0, up
to 1K and rapidly decreases at higher temperatures.
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Figure 8.13: a) The SQUID voltage oscillations vs. external flux, Φext/φ0 for Ibias =
9µA. The measurements have been performed for temperatures ranging
from T = 0.7K to 2.4K with a step size of 0.1K, b) Temperature depen-
dent SQUID voltage amplitude (left y-axis) and maximum voltage transfer
function Max|dV/dΦ| (right y-axis).
In Fig. 8.14 the differential resistance (color code) is plotted against bias current and
external flux. The measurement has been performed by sweeping forward bias current
and measuring the voltage at each constant magnetic field value. Here, the external
field is increased in 2µT steps. Owing to the non-hysteretic behavior of the SQUID,
Ic and Ir values (indicated by white arrows) are symmetric with respect to the zero
bias current. As can be seen in the figure, the critical current (red stripes) oscillation
period corresponds to a single flux quantum, φ0, with effective area Aeff ∼ 20µm2,
which is close to the geometrical area Ag ∼ 18.5µm2 that has been obtained from
scanning electron micrograph (cf. Fig. 8.8). From (|Imaxc −Iminc |)/Imaxc , Ic modulations
around 46% have been found. The incomplete modulations are due to the fact that
the two junctions in the SQUID have different Ic values. This has been explained both
theoretically and demonstrated experimentally [77, 6, 176]. On the other hand, the
modulation current (Ic = Ir for non-hysteretic junctions) is shifted with corresponding
flux quantum, which can be attributed to the asymmetric inductances that generate a
nonzero magnetic flux through the SQUID loop [6].
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Ic
Ir
Figure 8.14: Bias current and external flux Φext/φ0 vs. numerically differentiated color
coded resistance at T = 0.7K. The measurement has been performed
by forward bias current while measuring the voltage drop. The external
magnetic field is increased in 2µT steps.
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9 Summary and Conclusion
This thesis is devoted to describe the low-temperature electrical transport properties
of nanowires contacted by a normal metal as well as by superconducting electrodes.
As a consequence of quantum coherence, we have demonstrated the electron interfer-
ence effect in different aspects. The mesoscopic phase-coherent transport properties
of semiconducting nanowires were demonstrated in Chapter 4. In the remain part of
this thesis, we explored the interaction of the microscopic quantum coherence of the
nanowires with the macroscopic quantum coherence of the superconductors. The in-
teraction of this two quantum coherence phenomena relies on the Andreev reflection
process. Unlike microscopic quantum coherence of a normal conductor in which the
coherent transport is maintained by a single electron, in Andreev reflection the quan-
tum coherence arises from phase-conjugated electron-hole pairs. This phenomena is
investigated in different types of nanowires contacted by a superconductor.
In Chapter 4, the semiconducting transport properties of InAs and InSb nanowires
at room temperature as well as phase coherent transport properties at low tempera-
tures were investigated. A large number of undoped InAs nanowires, whose diameters
ranged from 20 nm to 220 nm, were contacted by normal metal electrodes. From the
room temperature two-terminal resistance measurements we have observed a quantum
confinement effect on the carriers for nanowire diameters of less than 40 nm which is
comparable to the Bohr radius of InAs rB ∼ 40nm. In the second part of this chapter,
the transport properties of InSb nanowires were investigated. From room temperature
conductance measurements of the nanowires, whose diameter ranged from 30 nm to
110 nm, we found out that the electrical transport is dominated by the carriers in the
bulk rather than at the surface. Furthermore, from the mesoscopic universal conduc-
tance fluctuation measurements at different temperatures we have determined a phase
coherence length of the InSb nanowires to be in the order of 100 nm.
In the following chapters, the transport properties of the nanowires contacted by su-
perconducting electrodes have been studied. In Chapter 5, InAs nanowires with two
different carrier concentration, i.e., ∼ 1018 cm−3 (low doped) and ∼ 1019 cm−3 (highly
doped), were contacted by superconducting Nb electrodes. Owing to the relatively
large critical temperature (Tc ∼ 9K) and the large critical magnetic field (Bc ∼ 3T),
the superconducting Nb, compared to superconducting Al, offers an advantage that
the junctions can be operated at higher temperatures as well as at larger magnetic
fields. The observed supercurrent in Nb/InAs-nanowire/Nb junctions were character-
ized as a function of temperature, magnetic field and electric field. In highly doped
nanowire-based junctions, the supercurrent is observed up to 4K, while for low doped
nanowire-based junctions, a full control of the supercurrent is achieved by a back-gate
voltage. Detailed gate voltage measurements on the low doped nanowire-based junction
showed a supercurrent as well as conductance fluctuations. Both fluctuations followed
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the same pattern. Moreover, the conductance fluctuation amplitude of the supercon-
ducting contacted nanowire is found to be larger than the ones observed in nanowires
with normal metal electrodes. The effect of magnetic field on the supercurrent on low
and highly doped nanowire-based junctions was investigated. Here, we have found a
monotonous dependence of the critical current rather than Fraunhofer diffraction pat-
tern. The measurement results were compared to numerical calculations of a narrow
junction model which has been developed recently. A good agreement between theory
and our experiment was found. In the differential resistance measurements we observed
subharmonic gap structures which are the signature of multiple Andreev reflection at
the superconductor-nanowire interface. Furthermore, we performed magnetotransport
measurements on etched nanowires, where the nanowire is etched such that the su-
perconducting Nb electrodes are connected to both ends of the nanowire rather than
covering the surface of the nanowire. The observed magnetoresistance oscillations are
assigned to the quasiparticle interference effect similar to the Fabry-Pérot resonance
in optics. For unetched nanowire-based junctions, however, we have not observed any
oscillations in the magnetotransport measurements. The absence of the magnetore-
sistance oscillations in unetched nanowires and the pronounced oscillations in etched
nanowires clearly indicates that the observed oscillations arise from the well-defined
boundary between the superconductor and the nanowire. The quasiparticle interfer-
ence effect in semiconducting nanowires, to our knowledge, has been reported for the
first time in this thesis.
In Chapter 6, we have characterized the transport properties of symmetric Al/InAs-
nanowire/Al as well as asymmetric Al/InAs-nanowire/Nb junctions based on highly
doped nanowires. In the first part of this chapter, the basic Josephson properties of
symmetric junctions were characterized. We have observed a clear supercurrent as
well as pronounced subharmonic gap structures due to multiple Andreev reflections
from which we have extracted the superconducting gap of Al as we have obtained for
superconducting Nb from the previously measured symmetric Nb/InAs-nanowire/Nb
junctions. In the second part of this chapter, we focused on the subharmonic gap
structures of the asymmetric Al/InAs-nanowire/Nb junctions. In this part, we aimed
to distinguish the differential resistance peaks which are due to the multiple Andreev
reflection. Owing to the large difference in the critical magnetic field of the supercon-
ducting Al (Bc ∼ 10−50mT) and the superconducting Nb (Bc ∼ 3T), we were able to
suppress the superconductivity of Al by applying a small magnetic field while keeping
the Nb in the superconducting state. In the differential resistance measurements of
the junctions we have distinguished peaks which belong to the superconducting Al, the
superconducting Nb and the superposition of both.
In Chapter 7, the transport properties of GaAs/InAs core/shell nanowires contacted by
a superconducting Nb were introduced. In the first part, the basic Josephson properties
of the junction were characterized. Here, we observed the switching of the Josephson
current and Andreev reflection peaks in the differential resistance measurements. In the
second part, special attention has been devoted to the magnetotransport measurements
of the junction. The observed magnetoresistance oscillations at small coaxial magnetic
fields have been characterized as a function of temperature, constant dc bias current
and gate voltage. Characteristic features observed in our magnetoresistance oscillations
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are the following: The magnetoresistance oscillations are visible only at magnetic fields
smaller than the critical field of superconducting Nb. The oscillations are h/2e-periodic
which is two times smaller than the one found in similar nanowires with normal metal
electrodes. The amplitude of the magnetoconductance oscillations is around ∼ 4e2/h
which is much larger than the mesoscopic Aharonov–Bohm type oscillations as well as
weak localization fluctuations, therefore the observed oscillations can not be explained
by electron wave interference in a normal conductor. In the Fourier spectrum of the
oscillations we have also found a peak which corresponds to a period of h/4e. At low
temperature ranges we have found a saturation of the oscillation amplitude while at
higher temperatures the amplitude of the oscillations monotonously decays. By tuning
the Josephson coupling we have observed phase-shifts of the oscillations at different
coupling regimes. By changing the gate voltage we have not observed any change in
the period and the phase of the oscillations. Although similar observations have been
reported for ring-shaped conductors coupled to superconducting electrodes, our device
geometry is substantially different than the ring-shaped geometry. To our knowledge,
mesoscopic transport properties of a superconducting proximity coupled quantum-tube
have not been reported so far. This is probably due to the experimental challenges in-
cluding the tube circumference playing a crucial role. That is, the tube circumference
should not be too small which otherwise would requires a large magnetic field to reach
a single flux quantum which then would cause a suppression of the superconductivity
of the electrodes. On the other hand, the circumference should not be too large so
that the effect of mesoscopic phase-coherent transport can not be observed anymore.
Therefore, our devices are in this special regime where the superconducting proximity
effect as well as the mesoscopic phase coherent transport can manifest itself.
In Chapter 8, the transport properties of single crystalline Au nanowires contacted by
superconducting Nb were presented. Here, a nanowire was contacted by two supercon-
ducting electrodes to characterize the Josephson properties as of has been demonstrated
for InAs nanowires. The second part of this chapter is dedicated to realize an Au
nanowire-based proximity direct current superconducting quantum interference device
(DC-SQUID) in which two Au nanowires were connected by superconducting Nb to
form a loop interrupted by two Josephson junctions. A drawback of high performance
SQUID operation is the hysteretic current-voltage characteristic. It is common to use
a shunt resistor to suppress the hysteresis in the current-voltage characteristic of the
SQUID. However, the externally integrated resistor produces an additional noise which
limits the SQUID sensitivity. Owing to the non-hysteretic current-voltage character-
istic of our proximity DC-SQUID, it is expected to be operated with high sensitivity
performance. The successful operation of our SQUID yields pronounced voltage and
critical current oscillations with single flux quantum periodicity. To get more insight,
however, further noise measurements as well as more elaborate performance analysis is
needed.
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